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ABSTRACT 
Alfalfa yield heterosis was studied in sativa-falcata crosses to determine the feasibility of a 
semi-hybrid breeding scheme with Medicago saliva subsp. saliva and subsp. falcata as the 
two heterotic groups. Heterosis was measured using combining ability analysis (i.e. specific 
combining ability (SCA)) and mid-parent heterosis. A diallel mating design with nine sativa 
and five falcata was used to produce progeny that were tested at two locations. Traits 
measured were: yield, maturity, growth habit, height, vigor, spring vigor, spring regrowth, 
regrowth, fall regrowth, in vitro dry matter digestibility (IVDMD), neutral detergent fiber 
(NDF), acid detergent fiber (ADF), acid detergent lignin (ADL ), crude protein, 
hemicellulose, cellulose, leaf/stern ratio, yield SCA%, and yield mid-parent heterosis. 
Measures for inter and intra sativa and falcata crosses were compared. Genetic distances 
between the fourteen parents were calculated using simple sequence repeats (SSR) and 
amplified fragment length polymorphisms (AFLP) molecular markers. Morphological 
distances were calculated for seventeen of the traits measured. Heterosis was found in sativa 
by falcata crosses this heterosis was more dependent on morphological distance than genetic 
distance. Specifically, the traits of maturity, height/growth habit, various forms of regrowth, 
and cell wall components are influenced by heterosis the most. Increased heterosis for forage 
biomass yield was associated with slightly decreased performance for forage quality traits of 
progeny. Falcata have lower values for agronomic traits than sativa; the opposite is observed 
for forage quality traits. For most traits, the hybrid was intermediate to both parents. For 
many forage quality traits "subspecies dominance" was observed, in which hybrids had an 
equivalent mean to one of the parental subspecies. 
CHAPTER 1: INTRODUCTION 
Historical Overview of Alfalfa Yield and Hectarage 
Alfalfa (Medicago saliva L.) is an important forage crop grown throughout the world 
(Hill et al., 1988). In the United States, 9.7 million hectares of alfalfa were grown in 1999; 
this represented about 2.5% of the total hectarage under crop production in the United States 
(USDA, 2000). Around 50% of all alfalfa in the United States is grown in the upper Midwest 
and northern Great Plains states of Iowa, Minnesota, Montana, Nebraska, North Dakota, South 
Dakota, and Wisconsin. In these regions alfalfa is produced on 4.4% of the total cultivated area. 
South Dakota leads the United States in alfalfa hectarage, with 971,000 hectares, or 10.0% of all 
alfalfa hectarage (Table 1). Iowa ranks seventh in hectarage with 526,000 hectares, or 5.4% of 
all alfalfa hectarage in the United States (USDA, 2000). 
The primary traits of interest in alfalfa are yield, forage quality, disease resistance, 
persistence, dormancy, and winterhardiness. A prime focus of many breeding programs has 
been on increasing forage yields. In experiments comparing cultivars past and present over the 
last 100 years, estimates of yield increases in alfalfa range from 0.15% to 0.3% per year (Hill et 
al., 1988; Holland and Bingham, 1994). Twentieth century on-farm United States Department 
of Agriculture (USDA) data show that yield increases have not been strictly linear (Figure 1 ). 
Yields remained flat from 1919 (the first year of records) until about 1955, and then increased 
steadily each year until about 1982. After 1982, however, yields stagnated (USDA, 2000). 
Alfalfa variety tests in Ames, Iowa between 1975 and 1999 (CAIC, 1975-1999) showed no 
increase in yield (Figure 2). USDA alfalfa yield data for the state of Iowa showed a pattern 
similar to the United States average alfalfa yield data (Figure 1 ). 
2 
During the period of open pollination breeding in maize, yields were stagnant. With the 
introduction of hybrids, yields increased more dramatically (Troyer, 1999) (Figure 3). The 
current method of alfalfa breeding is almost exclusively recurrent phenotypic selection (Hill, 
1987). Perhaps recurrent phenotypic selection in alfalfa (i.e., essentially breeding open 
pollinated varieties) is doing little to improve yield, and improved cultural practices account for 
most of the yield improvement from 1955 to about 1982? Another explanation for yield 
stagnation in alfalfa is that breeding programs have focused on increased pest resistance and 
other non-yield traits at the expense of breeding for yield. Maintaining or improving many 
different desirable traits has made concurrent yield improvement difficult (Hill et al., 1988) 
Hybrids and Heterosis 
One of the great advances of this century was the introduction of single cross hybrid in 
maize. Maize yields increased by about 2% per year after the introduction of maize-hybrids 
(Duvick, 1992) (Figure 3). The increased yields are due to utilization of heterosis that is 
naturally found between particular maize germplasm groups. Heterosis is the out-performance 
of progeny as compared with their parents (Hallauer et al., 1988). Genetically, heterosis is 
thought to be primarily the result of accumulating dominant ( or partially dominant) alleles 
that are in repulsion at (linked) loci (Hallauer and Miranda, 1988). Thus, one parent 
contributes beneficial alleles at some of the loci, which the other parent "compliments" by 
providing the desirable alleles at the remaining loci. The presence of at least some of these 
loci in tightly linked blocks accounts for the difficulty in accumulating all the favorable 
alleles in a single plant, particularly if many loci are contributing to the trait of interest. In 
tetraploid alfalfa, the linkat concept was formulated by Demarly (1979) and expanded by 
Bingham et al. (1994) and Bingham and Woodfield (1995). 
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A heterotic group is a population of genotypes that when crossed with individuals from 
another heterotic group or population, consistently outperform intra-population crosses 
(Hallauer et al., 1988). Heterotic groups are thought to have different sets of linked loci with 
favorable alleles that, when combined, lead to heterosis. Hybrid vigor, or heterosis, is lost as 
hybrid progeny are intercrossed. This loss of hybrid vigor is due to inbreeding depression, 
(the opposite of heterosis) (Falconer and Mackay, 1996). Inbreeding depression is not yet 
completely understood; however, one cause is the expression of major deleterious alleles that 
are exposed as self-fertilization forces loci towards homozygosity (Lynch and Walsh, 1998; 
Willis, 1999). If heterotic groups can be identified, developing genetically distinct breeding 
populations and producing hybrids from them would be an obvious method to increase yield. 
Two major obstacles for capturing heterosis in alfalfa are the synthetic nature of the crop 
and seed increase and production methodologies (Hill, 1987). Brummer (1999) suggested using 
a semi-hybrid system to capture natural hybrid vigor found between two heterotic populations in 
alfalfa (Figure 4). In a semi-hybrid system, the two populations would be allowed to intermate 
in seed production fields to produce seed, 50% of which would be hybrid. Intermating of the 
two populations would occur during syn3 seed production; therefore farmers would be planting 
seed that is semi-hybrid seed. Seed increases for each of the two heterotic populations would be 
done separately through synl and syn2 (Figure 4). 
Crosses between Medicago saliva subsp. saliva (hereafter referred to as "sativa") and 
Medicago saliva subsp. falcala (hereafter referred to as '"falcata") show heterosis (Westgate, 
191 O; Waldron, 1920; Sriwatanapongse and Wilsie, 1968). Falcata is yellow flowered alfalfa 
adapted to northern climates. Falcata tends to be more winterhardy then sativa and has a more, 
prostrate growth habit (Barnes et al., 1977). Westgate (1910) examined Medicago saliva subsp. 
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varia, which is an intermediary subspecies between falcata and sativa, and determined that, in 
many cases, it outperformed sativa or falcata. Waldron (1920) reported 47.5% higher yields in 
sativa by falcata crosses (SFC) than in crosses within the parental populations. 
Sriwatanapongse and Wilsie (1968) showed that crosses of two sativa cultivars made with 
'Kuban', a falcata cultivar, showed heterosis, while the sativa by sativa crosses (SSC) showed 
no heterosis. In all of the above studies, the authors investigated falcata as a germplasm source 
to be introgressed into improved sativa populations to increase yields. However, these results 
also suggest that falcata represents a possible heterotic group that could be used in a semi-hybrid 
breeding system with elite sativa. 
Falcata is only one of many distinct alfalfa populations. Studies have shown that in 
some cases crosses between diverse sativa germplasm can result in heterosis (Y azdi-Samadi and 
Stanford, 1969; Busbice and Rawlings, 1974; Hill, 1983). Commercial companies that have 
been developing distinct elite populations for the past several decades may then represent 
possible sources of within sativa heterotic groups. 
Falcata Germplasm Development 
This thesis is part of a long-term program at Iowa State University to develop pure 
falcata breeding germ plasm that would eventually be of commercial breeding quality. This 
falcata improvement project is also part of the cooperative falcata evaluation project, under 
the aegis of the NE-144 Regional Project, and is coordinated at Iowa State University 
(Brummer et al., 1997). Other participants are Paul St. Amand, Kansas State University; 
John Berdahl, USDA-ARS, Mandan, ND; Arvid Boe, South Dakota State University; and 
Real Michaud, Agriculture and Agri-Food Canada, St. Foy, Quebec. At each location, 
falcata germplasm is evaluated for agronomic potential. Based on the results of the regional 
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project, selections will be made to develop improved falcata populations. In Iowa, two 
populations have been developed from this material; one pure falcata population based on 
pure yellow flower selections and one subsp. varia population based on variegated flower 
selections. In addition to the falcata and subsp. varia populations, IA3018, a falcata 
population developed by C.P. Wilsie at Iowa State University in the mid-1960s, is being 
improved. 
Future plans for the falcata germplasm project include developing breeding 
populations to be used in semi-hybrid falcata. A major purpose of the studies in this thesis is 
to gain a better understanding of what factors affect the performance of sativa-falcata 
hybrids. Such information would help determine falcata breeding program materials and 
objectives, as well as expose unforeseen difficulties in trying to develop sativa-falcata 
hybrids. In this thesis, nine sativa and five falcata genotypes were crossed in a diallel mating 
design. Crosses were evaluated for yield, agronomic field traits (spring regrowth, regrowth, 
fall regrowth, maturity, height, growth habit, winter survival, and vigor), and forage quality 
traits (in vitro dry matter digestibility (IVDMD), neutral detergent fiber (NDF), acid 
detergent fiber (ADF), acid detergent lignin (ADL), hemicellulose, cellulose, and leaf/stem 
ratio). The experiment was conducted at two locations over two years. DNA from the 
fourteen parental genotypes was analyzed using amplified fragment length polymorphism 
(AFLP) and simple sequence repeats (SSR) molecular markers. 
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Data Analysis 
Mid-parent heterosis and combining ability analysis 
Measuring heterosis is important in determining and understanding possible heterotic 
patterns. Two methods are widely used to determine heterosis: mid-parent heterosis and 
combining ability analyses. 
Mid-parent heterosis is the most basic way to measure heterosis. To calculate mid-
parent heterosis, the deviation of an F 1 cross from the mean performance of its two parents is 
calculated. This deviation is then compared with the mean performance of the F 1 's two 
parents (Hallauer and Miranda, 1988). 
Combining ability analysis based on a diallel mating design is another way to 
measure heterosis (Sprague and Tatum, 1942; Griffing, 1956). Diallel analyses are especially 
useful in analyzing heterosis in hybrids when parents are either unavailable or unreliable for 
evaluation (Griffing, 1956). Combining ability analysis separates the additive and non-
additive components of a trait. General combing ability (GCA), or the additive effects, 
indicate differences between genotypic effects of the parents in progeny. Specific combining 
ability (SCA), or non-additive effects, are deviations from GCA. In a random mating diploid 
population, combining ability analysis can be used to partition genotypic variance into 
additive variance and dominance variance components (cr2A and cr20, respectively). General 
combining ability variance ( a2 GCA) is ¼a\, and specific combining ability variance ( cr\cA) 
is ¼cr20 (Hallauer and Miranda, 1988; Falconer and Mackay, 1996). Because alfalfa is an 
autotetraploid there are also trigenic and tetragenic variance components ( a2 T, and cr2 F 
respectively), in addition to cr2 A and cr20 (Kempthom, 1969; Rumbaugh et al., 1988). 
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Tetraploid c:r2GcA contains ¼cr2A and 1/36cr2o, while cr2scA contains l/6cr2o, l/12cr\, and 
1/36cr2F (Levings and Dudley, 1963). In applying combining ability analysis to non-random 
mating individuals variance components cannot be calculated; however trait values can be 
partitioned into additive and non-additive effects (Griffing 1956; Hallauer and Miranda, 
1988). Significant non-additive effects, or SCA, indicate some type of heterosis. The basis 
for non-additive behavior in alfalfa could be due to epistasis, linkage disequilibrium, linkates, 
and/or higher order gene-action (i.e. dominance, trigenic, tetragenic) (Rumbaugh et al., 1988; 
Bingham and Woodfield, 1995). 
Average heterosis and halfsib heterosis 
Alfalfa cultivars are synthetics; therefore, heterotic performance of individual genotype 
pairs is less relevant than the average heterosis of a genotype in many crosses. It is more 
important to compare the mean performance of a genotype in intra-heterotic group crosses with 
the mean performance of that same genotype in inter-heterotic group crosses. A genotype's 
GCA in combination with that genotype's performance per se can be used to calculate "average 
heterosis" (similar to true general competing ability (TGCA) in blend studies) (Gizlice et al., 
1989). Using TGCA theory, "average heterosis" of a genotype can be calculated as that 
genotype's mean performance in crosses based on GCA (i.e.µ+ 2GCA) minus the genotype's 
performance per se. 
In many cases, however genotypic means per se are unavailable or unreliable. Part of 
the work done for this thesis was to develop halfsib heterosis measures. Intra and inter-heterotic 
group means in conjunction with intra and inter-heterotic group halfsib means were used to 
develop heterosis measures on a halfsib basis. These measures were based solely on progeny 
performance of intra and inter-heterotic group crosses. 
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Molecular markers, morphological distance, and heterosis 
With the advent of molecular markers, relating heterosis and heterotic patterns to marker 
data has been of interest in various crop plants (Bernardo, 1992; Kidwell et al., 1994; Zhang et 
al., 1994). To compare genotypes, genetic distance (i.e., the similarity of genotypes based on 
random molecular markers) is often calculated (Hillis et al., 1996). Weak relationships have 
been found between heterosis and genetic distance in most studies (Bernardo, 1992). 
Morphological trait data can be treated in a manner analogous to molecular marker data by 
calculating average taxonomic distance (Sneath and Sokal, 1993). The relationship between 
heterosis and average taxonomic distance has not been thoroughly investigated. 
Thesis Organization 
Five manuscripts are contained in this thesis. Four papers (Chapter 2 to 4) will be 
submitted to Crop Science as a series of papers. Chapter 5 will be submitted to Theoretical and 
Applied Genetics. Chapter 6 will be submitted to Euphytica. Chapter 2 covers yield heterosis in 
SFC. The goal of chapter 3 is to determine how SFC performed in relation to intra-subspecific 
crosses using agronomic traits measured, in the field, during the 1999 growing season. Chapter 
4 examines forage quality traits and their behavior in SSC, SFC, and falcata by falcata crosses 
(FFC). Chapter 5 looks at molecular marker analysis of the fourteen parental genotypes used in 
this thesis and relates molecular marker based genetic distances among the fourteen parental 
genotypes to morphological distances and heterosis. Chapter 6 examines correlations between 
yield, agronomic traits, forage quality, heterosis, and genetic distance. A short overall 
discussion is contained after the final manuscript. Location-harvest (or environment) least 
square means (Appendices A to E) and variances (Appendix F) are included. DNA AFLP/SSR 
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polymorphism data is included (Appendix G). A general references section is included after the 
appendices. 
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Table 1. Top ten states in alfalfa production in 2000 based on cultivated alfalfa 
hectares (USDA, 2000). 
%of % of Total 
Rank State 
Agricultural Hectares Agricultural U.S. Alfalfa Yield 
Hectares Alfalfa Hectares in Agricultural (Mg ha-1) 
Alfalfa Hectares 
1 South Dakota 17,807,000 971,000 5.5% 10.0% 7.0 
2 Wisconsin 6,637,000 850,000 12.8% 8.8% 7.8 
3 North Dakota 15,986,000 668,000 4.2% 6.9% 5.5 
4 Montana 23,270,000 648,000 2.8% 6.7% 8.8 
5 Minnesota 11,969,000 587,000 5.0% 6.2% 5.4 
6 Nebraska 18,778,000 567,000 3.0% 6.0% 9.3 
7 Iowa 13,355,000 526,000 3.9% 5.4% 9.8 
8 Idaho 4,856,000 465,000 9.6% 4.8% 10.0 
9 California 11,534,000 417,000 3.6% 4.3% 17.0 
10 Michigan 4,209,000 384,000 9.1% 4.0% 9.5 
United States 385,988,000 9,707,000 2.5% 8.8 
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CHAPTER 2: HETEROSIS IN ALFALFA OF FORAGE YIELD 
A paper to be submitted to Crop Science 
H. Riday * and E.C. Brummer 
Increasing forage yields remains a top priority of most alfalfa (Medicago sativa L.) 
breeding programs. Long-term yield data suggests that forage yields have been stagnant over 
the past 25 years. Little effort has been invested into capturing heterosis in alfalfa, but semi-
hybrid breeding systems are possible solutions to overcome forage yield stagnation by 
capturing heterosis. To develop a semi-hybrid system in alfalfa it is necessary to identify 
heterotic groups. Studies of crosses between dormant M sativa ssp. sativa and M sativa ssp. 
falcata suggest a heterotic pattern exists between the two subspecies. In this study we 
measured heterosis in elite sativa by falcata crosses (SFC) in relation to elite sativa by elite 
sativa crosses (SSC) and falcata by falcata crosses (FFC). Nine elite sativa clones and five 
falcata clones were crossed in a diallel mating design. Progeny were space planted in 1998 at 
two locations in Iowa (Nashua and Ames). Two harvests were taken during the 
establishment year in 1998 and three harvests were taken in 1999 for yield evaluation. A 
definite sativa-falcata heterotic pattern was observed. Heterosis was observed using mid-
parent heterosis, subspecies comparisons, combining ability analysis, and halfsib heterosis 
analysis. On average, 18% heterosis is observed in comparisons of inter-subspecific crosses 
H. Riday, E.C. Brummer, Department of Agronomy, Iowa State University, Ames, IA 50011. 
*Corresponding author (xriday@iastate.edu) 
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with intra-subspecific crosses. The sativa-falcata heterotic pattern is a potentially useful 
resource in alfalfa breeding programs. 
INTRODUCTION 
Alfalfa represents about 2.5% of the total agricultural hectarage in the United States, 
and 6 billion dollars of production (USDA, 2000). Half of the alfalfa hectarage in the United 
States is in seven states in the upper Midwest and northern Great Plains: Iowa, Minnesota, 
Montana, Nebraska, North Dakota, South Dakota, and Wisconsin (USDA, 2000). According to 
USDA on-farm data (USDA, 2000), yields of alfalfa remained flat from 1919 (the first year of 
records) until about 1955, increased steadily from about 1955 until about 1982, and then leveled 
off through 2000 (Figure 1 ). The upper Midwest/northern Great Plains states showed a pattern 
similar to the United States average, except around 1982 alfalfa yield not only leveled off, but 
also began to decline slightly (Table 1 ). The Iowa State University alfalfa variety tests 
conducted at Ames, Iowa between 1975 and 1998 also showed no yield increases (CAIC, 1975-
1998). 
Estimates of yield increases in alfalfa range from 0.15 to 0.3% per year (Hill et al., 1988; 
Holland and Bingham, 1994), but these are calculated based on the superiority in yield of 
modem varieties relative to older check varieties grown in a common experiment. What 
appears to be happening is that the yields of older varieties are declining, perhaps due to 
increased pathogen or pest pressure, while the newer varieties are only maintaining the old yield 
level (CAIC, 1975-1998). One explanation offered for the yield stagnation is that breeding 
programs have focused on increased pest resistance and other non-yield traits at the expense 
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of breeding for yield. Maintaining or improving many different desirable traits has made 
concurrent yield improvement difficult (Hill et al., 1988). 
Clearly, increasing yield per hectare remains an important goal in alfalfa breeding. The 
current method of alfalfa breeding is almost exclusively based on recurrent phenotypic 
selection, which involves intercrossing selected parents to produce a synthetic variety (Hill, 
1987). Brummer (1999) suggested using a semi-hybrid system to capture natural hybrid vigor 
found in crosses between certain alfalfa populations. After identifying specific heterotic 
patterns in alfalfa germplasm, populations could be developed using (reciprocal) recurrent 
phenotypic selection, and semi-hybrid varieties could be developed from inter-population 
crosses. 
The two primary criteria required to manifest heterosis are partial to complete 
dominance at loci controlling the trait of interest and differing allele frequencies between the 
two populations to be crossed (Falconer and Mackay, 1996; Hallauer and Miranda, 1988; 
Woodfield and Bingham, 1995). Breeding complementary, or "heterotic," populations with 
differing allele frequencies would relieve some of the breeding burden of trying to increase 
yield along with all other desirable traits. The semi-hybrid cross, made in a seed production 
field, would bring together the independently improved populations differing in allele 
frequencies, thereby increasing yield (Brummer, 1999). 
Three possible heterotic groups in alfalfa are: (i) M sativa subsp. falcata (hereafter, 
"falcata"), (ii) dormant or moderately dormant M sativa subsp. sativa (hereafter, "sativa"), 
and (iii) nondormant sativa (Brummer, 1999). Heterotic patterns may also exist within elite 
sativa germplasm. However, in order to identify heterotic groups, crosses between 
populations need to be made and evaluated in multiple environments. 
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Some early studies showed heterosis between sativa and falcata germplasm 
(Westgate, 191 O; Waldron, 1920; Sriwatanapongse and Wilsie, 1968). Falcata, yellow 
flowered alfalfa endemic to northern climates, tends to be more winterhardy than sativa, to 
have more prostrate growth, and to yield less in the late summer and early autumn when 
compared to sativa. Westgate ( 1910) examined M sativa subsp. varia, which is an 
intermediate subspecies formed by natural intercrossing of falcata and sativa, and determined 
that in many cases it outperformed pure sativa or falcata. Waldron (1920) reported 47.5% 
higher yields in sativa by falcata crosses than in crosses within the parental populations. 
Sriwatanapongse and Wilsie (1968) showed that crosses of two different sativa cultivars with 
'Kuban,' a falcata cultivar, each showed heterosis, while the sativa by sativa crosses did not. 
In all of the above studies, falcata was suggested as a germplasm source to be introgressed 
into improved sativa populations to increase yields. In addition to inter-subspecific crosses, 
hybrids between diverse sativa germplasm also expressed heterosis in some cases (Y azdi-
Samadi and Stanford, 1969; Busbice and Rawlings, 1974; Hill, 1983). 
In this study, we tested the hypothesis that heterosis for forage yield would be 
expressed in crosses between (1) a number of falcata and elite sativa genotypes and (2) elite 
sativa genotypes derived from different commercial alfalfa breeding programs. 
MATERIALS AND METHODS 
Plant Materials 
Fourteen genotypes (nine sativa and five falcata) were used as parents in this experiment 
(Table 2). The nine elite sativa genotypes included ABl408, ABI311, ABI419, and ABI314 
from ABI Alfalfa, Inc. (12351 W. 96 Terrace, Suite 101, Lenexa, KS 66215); C96-514, C96-
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673, and C96-513 from Forage Genetics (N5292 S. Gills Coulee Road, West Salem, WI 54669); 
and FW-92-118 and RP-93-377 from Pioneer Hi-bred International (400 Locust Street, Suite 
800, PO Box 14453, Des Moines, IA 50306). The five falcata genotypes included WISF AL-4 
and WISF AL-6 from the semi-improved falcata population, WISF AL (PI560333; Bingham, 
1993); C25-6 from a semi-improved falcata population developed in Colorado (PI578248; 
Townsend, 1995); and two genotypes visually selected for vigor from plant introductions that 
had been planted in a field near Ames, IA: PI214218-1, derived from an accession collected in 
Denmark in 1954 and PI502453-1, derived from the Russian cultivar Pavlovskaya. 
The fourteen selected parents were crossed in the greenhouse during autumn 1997 in a 
half diallel, without reciprocals. Florets were hand emasculated to limit accidental self-
pollination. In April 1998, seed from the 91 crosses and five check cultivars (Vernal, 5454, 
Innovator +Z, Ladak, and Legendairy) were planted in the greenhouse. Stem cuttings of the 
fourteen parents were made at the same time. A total of 110 entries were included in this 
experiment (91 crosses; 14 parental clones; and 5 checks). Additional entries not part of this 
experiment were planted to complete the experimental design. 
Experimental Design 
Field experiments were planted at the Agronomy and Agricultural Engineering 
Research Farm west of Ames, IA in a Nicollet loam soil (fine-loamy, mixed, superactive, 
mesic Aguie Hapludolls) on 20 May 1998 and at the Northeast Research Farm south of 
Nashua, IA in a Readlyn loam (fine-loamy, mixed, mesic Aguie Hapludolls) on 22 May 
1998. The plot design at Ames was a quadruple a-lattice, with 10 plots in each of 14 
incomplete blocks for a total 560 total plots. At Nashua the design was a quadruple a-lattice, 
with 9 plots in each of 14 incomplete blocks for a total of 504 total plots. Ten plants per plot 
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were planted 30 cm apart within rows spaced 90 cm apart. Entries were separated by 60 cm 
within rows. Two months after transplanting, the seedlings were cut at approximately 7.5 cm 
above the ground, and the forage was discarded. Subsequently, harvests for biomass yield were 
taken on 18 August and 16 October 1998 in Ames and on 20 August and 20 October in Nashua. 
Each ten-plant plot was hand-harvested and the total plot biomass was dried for 5 days at 60°C 
in a forced-air dryer and then weighed. In 1999, harvests were taken on 27 May, 7 July, and 1 
September at Ames and on 6 June, 15 July, and 10 September at Nashua. Plots were sub-
sampled by clipping several randomly selected stems from each plant; sub-samples were 
weighed wet, dried for 5 days at 60°C, and then weighed dry. Whole plots were harvested and 
weighed wet during each harvest and a dry matter yield on a per plant basis was calculated 
based on the dry matter percentage determined from the sub-samples. 
Data Analysis 
The MIXED procedure of the SAS statistical software package (Littell et al., 1996) 
was used to calculate least squared means for each entry at each harvest and location. 
Replications and blocks were considered to be random effects and entries were fixed. Total 
yearly dry matter yield means were calculated for 1998 and 1999 at Ames and Nashua. The 
four year by location factors were treated as random environments in experiment-wide 
calculations. Location analysis was performed using years as random effects. Year and 
harvest analysis was performed using locations as random effects. 
General (GCA) and specific combining ability (SCA) were calculated using the SAS 
program published by Zhang and Kang (1997). General combining ability was used to 
compute the expected yields of each cross as follows: 
Expected yield=µ+ GCAp1 + GCAp2 
where, 
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µ is the grand mean 
GCAp 1 is the general combining ability of parent 1 
GCAp2 is the general combining ability of parent 2 
The SCA for a cross between two parents (SCAp1p2) can be determined by subtracting the 
expected yield (µ + GCAp1 + GCAp2) from the observed yield (µ + GCAp1 + GCAp2 + 
SCAptp2) (Falconer and Mackay, 1996). 
To compare the different types of crosses, the 91 crosses from the 14 parent diallel were 
divided into one of three categories: (i) sativa x sativa crosses (SSC), (ii) sativa x falcata crosses 
(SFC), or (iii) falcata x falcata crosses (FFC). Comparisons of the three groups were done using 
linear contrasts among the categories. A mid-subspecies (MS) mean was calculated as the 
average of the SSC mean and the FFC mean. The MS mean was contrasted with the SFC mean, 
and the percentage deviation was calculated when the comparison between them was 
significant. This value is an average heterosis (MS-heterosis) measure of the SFC mean 
compared to MS mean. The SSC per se, were split into within-company and between-company 
crosses and the two groups were contrasted. 
The mean halfsib family performance of each parental genotype was calculated for both 
SFC (SFHS) and within subspecies crosses (WHS). The SFHS were contrasted with the WHS 
of each parental genotype. High parent heterosis on a halfsib basis (HSHP-heterosis) was 
calculated by contrasting the parental genotype's SFHS with the larger of the following: (i) the 
genotype's WHS or (ii) the within subspecies cross mean of the subspecies in which the parental 
· genotype was not found (i.e. SSC mean or FFC mean). Low parent negative heterosis on a 
halfsib basis (HSLP-heterosis) was determined in an analogous manner. 
24 
For each parental genotype SFHS performance was compared to the average 
performance of intra-subspecies crosses to generate a halfsib family mean heterosis (HS-
heterosis) percentage ( a visual example based on the diallel cross table is given in figure 2), 
determined as follows: 
HS-heterosis (%) of parent i = 
SFHS -( SS tFJ 
( SS ~ FFJ 
where, 
i = parental genotypes 1 to 14. 
SFHS = the half-sib family performance of a parent i crossed with genotypes from the 
other subspecies; 
SS = if parent i is a sativa, then SS = WHS; if parent i is a falcata, then SS = SSC mean; 
FF = if parent i is a falcata, then FF = WHS; if parent i is a sativa, then FF = FFC mean; 
HS-heterosis was calculated for each genotype-location-year and genotype-location-
harvest combination. These two HS-heterosis datasets (year mean basis; harvest mean basis) 
were analyzed as fixed effects models using PROC GLM of the SAS statistical software 
package (SAS, 2000). 
To assess the variability of HS-heterosis for parental genotype i over locations and 
harvests, we estimated stability variance of genotype x harvest ( cr21H), genotype x location ( cr2 ,L), 
genotype x location x harvest (cr2,LH), and genotype x environment (cr2,E) (where a environment is 
a harvest-location combination) components for each parent. Stability variance components 
were calculated by extending Shukla' s stability variance ( cr2;) (1972) as follows: 
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MS;H = l L ± ()lih. -jh. - )l.h. - y .. .)2 - ss ( GH) 
(i - 2)(i - l)(h -1) h=l (i - 2)(h -1) 
MSiL = l Hf (y-;1 -y-, -y- ,-y- )2 - SS(GL) 
(i - 2 )(i - 1 )(/ - 1) t; . .. . (i - 2 )(/ - 1) 
2 i ~ ~(- _ _ _ _ _ _ _ )2 SS(GLH) aLH =-------~~ y;h1-y;h.-yu-y.1i1+yi..+y.h.+y . .1-y. .. 
I (i - 2)(i -1)(/ - l)(h-1) /=] h=l (i - 2)(/ - l)(h-1) 
2 f (- - - - ) 2 SS (GE) (JiE = ~ y,e -y, - y.e - y.. -
(i - 2)(i- l)(e -1) e=l (i- 2)(e -1) 
Where i are parental genotypes (1 to 14), / are locations (1, 2), hare harvests (1 to 5), e 
are environments (1 to 10). In these stability formulas MS stands for mean squares not mid-
subspecies. The average variances of the stability variances over i (V(cr2)) were estimated as 
follows (Hallauer and Miranda, 1988; Shukla, 1972): 
V 2 2 [ (MSG,,)2 (a~LH )
2 J 
( a ;JJ = z2 (/ - 1) + 2 + ( h - 1 )(/ - 1) + 2 
V 2 2 [ (MSGH ) 2 (aiLH ) 2 ] 
( (J iH ) = h2 ( h - 1) + 2 + ( h - 1 )(/ - 1) + 2 
V(a2 ) = 2[ (a~LH )2 ] 
iLH ( h - 1 )(/ - 1) + 2 
V(a2) = 2[ (a~E )2 J 
,E (e-1) + 2 
Least significant differences (LSD) for stability variances were estimated as: 
f(a = 0.05, df = 13) X ~2 X V(a 2 ) 
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S. 2 + 2 + 2 ~ 2 2 + 2 + 2 ~ 2 u . th" lt mce CJ GL CJ GH CJ GLH ~ CJ GE, we assume CJ iL CJ iH CJ iLH ~ CJ iE· smg 1s resu , we 
2 · 2 2 d 2 fi h decomposed CJ iE mto CJ iL, CJ ;H, an CJ iLH or eac genotype. 
Significance of all results was assessed at the 5% probability level unless noted 
otherwise. 
RESULTS AND DISCUSSION 
Parental Performance vs. Progeny Performance 
Progeny yield in all crosses was much higher than parental performance ( data not 
shown). Hybrid performance ranged from 7% to 148% of the mid-parent. All three cross types 
exhibited mid-parent heterosis (SFC = 73%; SSC= 52%; and FFC = 43%). Even though all 
crosses were vastly superior to their mid-parent (based on cuttings), the SFC had the highest 
heterosis values. The poor performance of the parents in the field may have resulted from 
clonal propagation, resulting in unreasonably high levels of heterosis. Clonal propagation of 
parental genotypes may have affected genotype performance in field entries. Because of this 
possible confounding factor, we used comparisons among hybrid progeny to assess heterosis. 
Subspecies Means, Combining Ability, and Mid-Subspecies Heterosis (MS-heterosis) 
On an experiment mean basis at specific year-location combinations, SFC yielded more 
than either intra-subspecific group (i.e., SSC and FFC) (Table 3). In all environments, SSC had 
higher yields than FFC except at Nashua, where FFC and SSC were equivalent. Yield of the 
three cross types did not interact with locations or years (data not shown). All three cross types 
yielded more at Ames than at Nashua reflecting an environmental pattern also observed in 
statewide variety trials (Brummer and Smith, 2000). As expected, yields were higher in 1999 
than the establishment year of 1998. Analysis of yield at individual harvests reflected the 
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overall trend of SFC outperforming both SSC and FFC. The only exception to this pattern was 
the July 1999 harvest, in which SSC produced more yield than SFC (Table 3). This was the 
harvest with the shortest regrowth period perhaps reflecting a weakness of SFC for recovery 
ability (Riday and Brummer, 2001b). In all environments no differences were found between 
SSC partitioned into within-company ahd between-company crosses ( data not shown). 
On an experiment mean basis, 18% MS-heterosis was observed (Table 3). MS-heterosis 
ranged from 11-20% across years, locations, and harvests (Table 3). The consistency of MS-
heterosis across years, harvests, and locations was an early indication of a sativa-falcata 
heterotic pattern, despite fluctuation in intra-subspecific cross means. 
Based on progeny performance we were able to separate additive yield effects (GCA) 
from non-additive yield effects (SCA) (Griffing, 1956). General combining ability, which 
indicates differences between genotypic effects of the parents in progeny, and SCA, which are 
deviations from GCA, were present at both locations, in both years, and across all harvests, 
except the July 1999 harvest (Table 3). To visualize SCA deviations, we plotted expected yield 
of each cross against its observed yield (Figure 3). The crosses showing significant SCA effects 
were all SFC. Most SFC tended to fall above the expected yield line, clearly indicating that 
crossing falcata and sativa produces a positive heterotic response for forage yield. By contrast, 
observed yields of SSC tended to fall near their expectation, and importantly none of them 
showed significant SCA effects. The FFC showed the most variation in yield relative to 
expectations. 
Sativa x Falcata Halfsib Means (SFHS) vs. Within-Subspecies Halfsib Means (WHS) 
To examine heterosis of individual genotypes, we compared the performance ofWHS to 
SFHS for each parent. The combined analysis over locations and years showed that SFHS 
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outperformed WHS for most genotypes, the only exceptions being three of the four ABI 
genotypes (Table 4). When SFHS outperformed WHS, HSHP-heterosis was seen for all 
genotypes except C25-6. Stronger performance of SFHS compared to WHS was generally 
observed in 1999 and Nashua, but less often in 1998 or at Ames. HSHP-heterosis was seen 
more often at Nashua and in 1999 than other environments. Across all environments, falcata 
genotypes, generally, had superior SFHS to WHS and exhibited HSHP-heterosis (Table 4). 
The August and October 1998 harvests closely reflected the results seen for total yield in 
1998 (Table 5). The May 1999 harvest closely reflects the pattern of the overall halfsib analysis 
(Table 5). Given the high yield of the first harvest in the first full production year, this is not 
surpnsmg. No HSHP-heterosis was observed in July cut 1999, although for a majority of 
genotypes, SFHS performance was superior to WHS. September had a somewhat similar 
pattern to October 1998, with a few genotypes exhibiting HSHP-heterosis and SFHS superior to 
WHS (Table 5). No cases of SFHS being inferior to WHS were found in any environment, 
except for sativa genotypes in July 1999. Low parent negative heterosis (HSLP-heterosis) was 
never observed in any genotype or environment. 
Halfsib Heterosis (HS-heterosis) 
Heterosis can be defined as the superiority of a genotype's SFHS over the mean value of 
that genotype's WHS and the progeny mean of crosses of the opposite heterotic group. We call 
this halfsib heterosis (HS-heterosis) and it is analogous to standard mid-parent heterosis 
(Hallauer and Miranda, 1988). Overall, HS-heterosis values ranged from 2.3% (ABI419; not 
significantly different from 0%) to 29.4% (Pl502453-1 ), with an average of 18.4% (Table 6). 
Significant location, genotype x location, and genotype x year HS-heterosis effects were 
observed. The genotype x location interactions were primarily due to magnitude differences 
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between the two locations. Although a few changes in rank among genotypes were present, 
these were not substantial enough to affect interpretation of the results. All genotypes except 
ABI419 and ABI314 had positive HS-heterosis effects both in Ames and Nashua. Some 
genotypes expressed HS-heterosis only in one year (C25-6, ABB 14) or only during certain 
harvests (ABI311, ABI419, C96-514, WISFAL-4, WISFAL-6, C25-6, PI214218-1). Among 
harvests, average HS-heterosis was lowest for July cut 1999 (12.4%) and this number is this 
high only because of the very poor performance of FFC. However, HS-heterosis was greater 
than 19% for October 1998, May 1999, and September 1999 (Table 6). 
Stability Analysis 
We conducted a stability analysis to further study how HS-heterosis for individual 
genotypes was affected by the environment (Table 7). Each harvest-location combination was 
considered an independent and random environment, and the HS heterosis variance across 
environments for each genotype was calculated using Shukla' s stability variance ( cl;E) (1972). 
Genotypes ABI314, ABB 11, C25-6 had the largest variances indicating that they were less 
stable than the other genotypes (Table 7). The environment variance for each genotype was 
partitioned into harvest, location, and location x harvest effects using an expanded Shukla's 
stability variance (1972), and the proportions of c?iH, cl;L, and er2;LH in er2;E were calculated for 
each genotype. The primary cause of environmental variance differed among genotypes. 
Location affected ABB 14 HS-heterosis most, while harvest influenced ABB 11 HS-heterosis 
most. Of the fourteen genotypes WISFAL-6 was the most affected by harvest x location 
interactions (Table 7). Most of the er2;E for ABI408, ABI311, ABI419, and C96-513 was due 
harvest variation (Table 7). The mean er2;E (or just er2aE) had almost equal proportions of er2aH, 
2 d 2 'b . . er GL, an er GLH contn utmg to 1t. 
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Sativa-Falcata Heterotic Pattern 
Using several analysis methods, we have clearly demonstrated that Medicago sativa 
subsp. sativa and subsp. falcata represent distinct heterotic groups. The heterotic pattern is 
remarkable for two reasons: (i) it was observed for virtually all genotypes and (ii) it was 
observed irrespective of parental yield. The average heterosis value was 18%, though there was 
variation among genotypes and environments. HSHP-heterosis was frequently observed and 
HS-heterosis values remained consistently positive across environments. Therefore, we 
concluded that the expression of heterosis was not due to stronger parents carrying weaker 
parents July 1999 harvest being an exception with SFC being intermediate to SSC and FFC. 
Harvest timing influenced the sativa-falcata heterotic pattern. The May 1999 harvest showed 
higher heterosis than summer or fall harvests. 
The ABI sativa genotypes and falcata C25-6, in general, did not follow the heterotic 
pattern observed in the other genotypes. Particularly, ABI311, ABI419, and C25-6 showed no 
heterosis in most environments. These same genotypes were never parents of SFC that had 
significant SCA. We reason that ABI germplasm could have more falcata introgression, at least 
at loci responsible for dry matter yield, which would lower or eliminate the sativa-falcata 
heterotic pattern. C25-6 is from a very broad based, semi-improved population of falcata plant 
introductions whose germplasm background is unknown to us (Townsend, 1995). Interestingly, 
PI214 218-1 from Denmark, which had yellow flowers with a green tinge (indicating a 
variegated background), had among the lowest HS-heterosis values of the remaining genotypes. 
Basis of Heterosis 
Genetically, heterosis is thought primarily to be the result of accumulating dominant ( or 
partially dominant) alleles that are in repulsion at (linked) loci (Hallauer and Miranda, 1988). 
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Thus, one parent contributes beneficial alleles at some of the loci, which the other parent 
··compliments" by providing the desirable alleles at the remaining loci. The presence of at least 
some of these loci in tightly linked blocks accounts for the difficulty of accumulating all the 
favorable alleles in a single plant, particularly if many loci are contributing to the trait of 
interest. In tetraploid alfalfa, the linkat concept was formulated by Demarly (1979) and 
expanded by Bingham et al. (1994) and Bingham and Woodfield (1995). 
Traditionally, inbreeding depression has been considered the opposite of heterosis 
(Falconer and Mackay, 1996). The causes of inbreeding depression are not completely known; 
however, some of it is due to major deleterious alleles that are exposed as self-fertilization 
forces loci towards homozygosity (Lynch and Walsh, 1998; Willis, 1999). Reversing this 
process allows the masking of these alleles and restores vigor. 
Although the phenotypic effects of heterosis are striking, the mechanisms of increasing 
yield/restoring vigor are unclear. What the alleles/loci actually do is as yet unresolved. 
Presumably, the hybrid's complementary sets of alleles inherited from its parents provides for 
better carbon acquisition, trans location, and/or storage by affecting physiological processes 
and/or morphological development. In some cases, heterosis is seen when morphologically 
similar plants are crossed. In this case, the hybrid combination of alleles increases the size of 
the organs included in yield. A second type of heterosis can also be envisioned, that of crossing 
two plants with different morphologies. If the loci controlling the morphologies are partially to 
completely dominant and each positively affects yield, then the morphologically different 
contribution of each parent in the hybrid may create higher yielding progeny by combining 
morphologies. 
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In this study we observed heterosis in sativa-falcata crosses among a variety of 
morphologically distinct genotypes. Genotypes PI214218-1 and PI502453-1 crossed with elite 
sativa were observed to produce progeny with increased stem numbers, like falcata, and 
increased stem thickness and length, like sativa. We also observed WISFAL by elite sativa 
crosses where similar parental morphologies yielded more robust plants. Thus expression of 
sativa-falcata heterosis suggests that both differential and non-differential morphologies 
contribute to the heterotic pattern (Riday and Brummer, 2001a; Riday et al., 2001b). By 
measuring various morphological traits, molecular marker data, and relationships between these 
measures, we have gained a partial understanding of the basis of the sativa-falcata heterotic 
pattern (Riday and Brummer, 2001a; Riday et al., 2001 b; and Riday et al., 2001c; and Riday and 
Brummer, 2001d). 
Breeding Implications 
Further introgression of SFC into elite populations or crossing among SFC to develop 
populations for subsequent selection should be avoided in order to maintain the sativa-falcata 
heterotic pattern. Since the subspecies themselves already offer a means to capture high yield, 
they should not be mixed in breeding populations until methods are available to select the 
desirable alleles on a genome basis. Combining all germplasm into one population would 
theoretically allow selection of individual genotypes with every superior trait (allele). If, 
however, many loci were involved, increasing favorable allele frequencies simultaneously 
would be a Herculean task. Improving separate populations that, when crossed together, 
produce favorable allele combinations in their offspring, would appear to be the most successful 
approach at the current time (Brummer, 1999). 
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Some future questions remain. This experiment was conducted on spaced plants in a 
three cut system. Future research needs to examine whether similar results would be seen in a 
sward plot situation and/or under different harvest managements. Foster (1971a; 1971 b) 
demonstrated in ryegrass that population hybrids grown in swards still show yield increases due 
to heterosis. Moving to a more frequent harvest regime may alter the benefits of sativa-falcata 
vigor using currently available falcata germplasm, since half the sativa WHS outperformed their 
SFHS in July 1999 harvest, which had a short regrowth interval. Only fourteen parents were 
used in our study, so the universality of our results to other sativa-falcata combinations is 
unclear. Another obstacle is developing elite falcata germplasm that can be crossed with sativa 
germplasm and produce heterosis reliably. Currently there are a few semi-improved pure 
falcata populations available. Long-term work needs to be done to breed falcata germplasm to 
acceptable levels. With heterosis values around 20% this may be well worth the effort. 
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Table 1. Yearly changes in alfalfa (M. sativa L.) yield over three 
periods in the 20th century for the United States, the upper 
Midwest and northern Great plains, and Iowa, based on on-farm 
data (USDA, 2000). 
United States 
Upper Midwest and 
Northern Great Plains 
Iowa 
1919-1955 1955-1982 1982-2000 
M h -1 -1 ------------- g a yr ------------
0.005 0.097 0.028 
0.015 0.084 -0.006 
-0.021 0.165 0.008 
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Table 2. Fourteen parental genotypes (M. sativa L.) used in 
diallel cross. 
Genotype Subspecies Source 
ABI311 Sativa ABI 
ABI314 Sativa ABI 
ABI408 Sativa ABI 
ABI419 Sativa ABI 
C96-513 Sativa Forage Genetics 
C96-514 Sativa Forage Genetics 
C96-673 Sativa Forage Genetics 
FW-92-118 Sativa Pioneer 
RP-93-377 Sativa Pioneer 
WISFAL-4 Falcata Wisconsin, Semi-Improved 
WISFAL-6 Falcata Wisconsin, Semi-Improved 
C25-6 Falcata Colorado, Semi-Improved 
PI214218-l Falcata Denmark, Unimproved 
PI502453-1 Falcata Russia, Semi-Improved 
Table 3. Mean alfalfa dry matter yield for crosses between and within M. saliva subsp. saliva and subsp. falcala, mid-
subspecies heterosis (MS-heterosis), general and specific combining ability (GCA and SCA), at two Iowa locations in 
1998 and 1999. 
Yearly Yield Means Harvests Means 
No. Experiment Location Years 1998 1999 
crosses Ames Nashua 1998 1999 August October May July September 
------------------------------------------------ g/plant-1 ------------------------------------------------
Sativa x Sativa (36) 100b 11 lb 89b 51b 149b 1 lb 
Sativa x Falcata ( 45) 110a 118a 102a 55a 164a 12a 
F alcata x F ale a ta ( 10) 87c 90c 84b 46c 128c 10c 
MS Heterosis 18%*** 17%*** 18%*** 15%*** 18%*** 11%** 
GCA *** *** ** *** *** *** 
SCA *** ** * *** *** *** 
*, **,***significant at the 0.05, 0.01, and 0.001 probability levels, respectively. 
ns = not significant. 
40b 69b 33a 46b 
44a 84a 30b 50a 
36c 72b 19c 37c 
16%*** 19%*** 13%*** 20%** 
*** *** *** *** 
** *** ns * 
l>.) 
00 
Table 4. Inter (SFHS) and Intra-subspecific (WHS) halfsib family dry matter yield means for fourteen (M. sativa L.) 
genotypes measured in two Iowa locations and two years, 1998 and 1999. 
Experiment Ames Nashua 1998 1999 
SFHSt WHSt SFHS WHS SFHS WHS SFHS WHS SFHS WHS 
------------------------------------------------------------- g plant-1 -----------------------------------------------------------
Sativa 
ABI311 109 106 120 121 98 91 65H 56*** 153 155 
ABI314 112H 101 ** 121H 109* 104 93 55 53 l7QH 149** 
ABI408 114 108 128 124 100 92 62H 55** 167 162 
ABI419 91 91 94 93 89 89 43 45 140 137 
C96-513 115H 9g*** 126H 112* 103H s5*** 61H 49*** 168H 14g** 
C96-514 107H 96* 111 111 102H sf** 52 49 162H 144* 
C96-673 108H 92*** 112H 100* 105H ss*** 50 46 166H 139*** 
FW-92-118 114H 102** 124 114 }04H 90* 52 50 176H 154* 
u..> 
\0 
RP-93-377 116H 105** 124 118 107H 92** 59 54 172H 156** 
Falcata 
WISFAL-4 l llH 86*** 121H 86*** 102H 87* 57H 45*** 166H 12s*** 
WISFAL-6 11 lH g7*** 12QH 91 *** lQlH g4** 52 41 *** 17QH 133H* 
C25-6 99 s7** 108 94*** 89 79 53 50 144 123** 
PI214218-l 111 H 91 *** }2QH 92* 102H 89* 58H 51 ** }63H 130*** 
PI502453- l 116H sf** 12QH s5*** l 13H so*** 57H 41 *** 176H 124 *** 
Means 
Sativa Mean 100 111 89 51 149 
Falcata Mean 87 90 84 46 128 
LSDo.os 6 9 8 4 11 
t Within subspecies halfsib means (WHS) were contrasted with sativa by falcata halfsib means (SFHS). 
t H indicates high parent halfsib heterosis (HSHP-heterosis) found. 
*, **,***Significant at the 0.05, 0.01, and 0.001 probability levels, respectively. Comparisons without asterisks were not significant. 
Table 5. Inter (SFHS) and Intra-subspecific (WHS) halfsib family dry matter yield means for fourteen (M. saliva L.) 
genotypes measured in two Iowa locations and two years by individual harvests in each year, 1998 and 1999. 
1998 1999 
August October May July September 
SFHSt WHSt SFHS WHS SFHS WHS SFHS WHS SFHS WHS 
------------------------------------------------------------- g plant-1 -----------------------------------------------------------
Sativa 
ABI311 14 13 51H 44*** 81 74 27 34*** 45 48 
ABI314 12 12 43 40 85H 65*** 33 35 52 49 
ABI408 14H 13* 47H 42"'* 85H 74* 30 36** 52 52 
ABI419 8 9 35 37 71 67 26 31 ** 42 39 
C96-513 14H 12"'** 47H 37*** 82H 67*** 32 34 54H 47* 
C96-514 11 11 41 39 g5H 66*** 26 32** 51 46 
C96-673 10 9 40 37 86H 67*** 32 31 49H 41 ** 
FW-92-118 11 11 41 39 94H 73*** 30 33 52 
~ 
48 0 
RP-93-377 12 12 47 43 93H 73*** 29 35** 50 49 
Falcata 
WISFAL-4 10 9 47H 35*** g4H 74* 30 19*** 52H 36*** 
WISFAL-6 10 9* 42 33*** 83H 71* 31 20*** 56H 42*** 
C25-6 12H 10* 41 39 71 64 28 20*** 45 39 
PI2142 l 8-1 14H 12* 45H 39* 87H 77* 29 1 g*** 47 34 *** 
PI502453-1 13H 1 o*** 44H 31 *** 98H 71 *** 30 19*** 48 33*** 
Means 
Sativa Mean 11 40 69 33 46 
F alcata Mean 10 36 72 19 37 
LSDo.05 1 3 7 2 5 
t Within subspecies halfsib means (WHS) were contrasted with sativa by falcata halfsib means (SFHS). 
t H indicates high parent halfsib heterosis (HSHP-heterosis) found. 
*, **,***Significant at the 0.05, 0.01, and 0.001 probability levels, respectively. Comparisons without asterisks were not significant. 
Table 6. Halfsib heterosis (HS-heterosis) of dry matter yield for fourteen (M. saliva L.) genotypes grown across two 
Iowa locations and two years a by individual harvests in each year, 1998 and 1999. 
Yearly Yield Means Harvests Means 
Ex2erimental Location Years 1998 1999 
Ames Nashua 1998 1999 August October May July September 
--- % ---- --------- % --------- --------- % --------- ----------------------------- % -----------------------------
ABI311 20.3*** 17_9*** 22.t** 31.8*** 8.8* 29.6*** 32.4*** 12.0** 3.0 7.3 
ABI314 1 o.5** 18.6*** 2.3 4.2 16.7*** -2.1 6.1 18.4*** 6.9 18.4*** 
ABI408 21.i** 21.6*** 21.8*** 27.4 *** 16.o** 29.o*** 21 .o*** 16.7*** 9. l * 18.8*** 
ABI419 2.3 -1.6 6.3 -1.4 6.1 -15.3** 2.0 3.4 5.7 12.1** 
C96-513 28.6*** 26.9*** 30.4*** 34.3 *** 22.9*** 35_9*** 34.o*** 18.4 *** 20.8*** 31.9*** 
C96-514 11.8*** 9.2* 26.5*** 14.7** 21.0*** 16. l *** 14.3 22.6*** 10.0* 21.t** 
C96-673 20_5*** 14.3** 26.i** 15 .1 ** 26.0*** 11.0* 16.2*** 23.i** 30_9*** 27.8**' 
FW-92-118 20.1*** 17.4*** 22.8*** 14.3** 25_9*** 12.f* 14.9** 3o.o*** 15 .1 ** 24.7*** 
RP-93-377 22.8*** 18.3 *** 21.i*** 23.0*** 22.5*** 20.8*** 23.7*** 29.6*** 10.8* 19.7*** ~ ,__. 
WISFAL-4 19.6*** 19.6*** 19.4*** 19.8*** 19.s*** -1.4 23 _5*** 18.4 *** 13 .4 ** 25.8*** 
WISFAL-6 16.0*** 11.0*** 15.o** 11.7* 20.3*** 0.8 14.7** 17.7*** 15_5*** 21 .8*** 
C25-6 12.4 *** 5.0 19.7*** 17 .1 *** 7.6 3o.o*** 13.9** 5.8 8.3 9.9* 
PI214218-l 15.o*** 11.5*** 12.5** 15_5** 14_5** 16.9*** 15.1 ** 11 _5*** 8.3 15 .4 *** 
PI502453-l 29.4*** 21.9*** 36.9*** 28.5*** 30.3*** 36.4*** 26.5*** 37.6*** 16.0*** 25.7*** 
Mean 18.4 16.0t 20.8 18.3 18.4 15.7t 19.0 19.4 12.4 20.9 
LSD(o.os) 6.1 8.7 8.7 12.4§ 
HS-heterosis is significantly different from zero: *, **,***at the 0.05, 0.01, and 0.001 probability levels, respectively. 
HS-heterosis percentages without asterisks were not significantly different from zero. 
t HS-heterosis between locations is significantly different 
t Significant differences between harvests were found LSD(o.os) = 3 .4 
§ LSD for genotype x harvest means 
42 
Table 7. Halfsib heterosis (HS-heterosis) dry matter yield stability variance estimates 
of fourteen (M. saliva L.) genotypes across ten harvests taken over two years (1998 and 
1999) and two Iowa locations. Stability variance estimates are for: genotype x harvest 
(CT2m), genotype x location (CT\L), and genotype x location x harvest (cr\Ltt), and genotype 
x environment (environment is a location-harvest combination) (CT2iE) (Shukla, 1972). 
Variance proportions of specific genotype interactions are out of total genotype 
interactions. 















----- HS-heterosis ----- --- HS-heterosis ---
ABI311 195 -3* 7 178 0.97 0.00 0.03 
ABI314 10 320 87 273 0.02 0.77 0.21 
ABI408 61 13 -1* 60 0.83 0.17 0.00 
ABI419 81 -12* 40 104 0.67 0.00 0.33 
C96-513 62 -6* 10 61 0.87 0.00 0.13 
C96-514 2 138 32 110 0.01 0.80 0.19 
C96-673 85 49 16 119 0.57 0.32 0.11 
FW-92-118 11 -14 * 50 52 0.17 0.00 0.83 
RP-93-377 17 4 11 28 0.55 0.11 0.34 
WISFAL-4 74 22 44 122 0.53 0.16 0.31 
WISFAL-6 26 4 98 123 0.20 0.03 0.77 
C25-6 106 53 53 177 0.50 0.25 0.25 
PI214218-1 -5* 37 14 30 0.00 0.73 0.27 
PI502453-1 23 62 88 143 0.13 0.36 0.51 
Mean 53 48 39 113 0.38 0.34 0.28 
LSDco.os) 58 27 69 147 
t For proportions negative estimates were assumed to be zero and CT2,E was calculated as CT2,H + CT2,L 
+ CT2,LH· 
* Variance estimates were less than zero. 
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Figure 1. USDA on-farm alfalfa (M. saliva L.) yield (Mg/ha) from 1919-2000 for the United States, upper Midwest and 
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Figure 2. Example of Medicago sativa subsp. sativa by subsp. 
falcata heterosis on a halfsib basis (HS-heterosis) calculated for 
genotype ABI408. HS-heterosis is equal to ABI408 by falcata cross 
mean (SFHSAn14os) minus the mean of: ABI408 by sativa cross 
mean (WHSABI4os) and falcata by falcata cross mean (FFCmean)• 
The before mentioned difference is again divided by the mean of 
WHS4os and FFCmean• 
140 . . ·--- -~-----·-- ·-- ·-·-·--~----··-··-
130 L--···--- -------- ~.::..--
•:,4 --- _.:. 
~;~- ~ 
120 +----·--·-·----··-----··-- -----· •.::• /_•1c_/ _______ __J 
Z" = ~ - 110 // 
c,.. - ..• ~. • •• 
- ... . .. . l>ll • '.'- <, •:• ,., ~D ._, ~"·- •:• ,.,. a·•:• a 
"C - - - • "'-!• .~ al --- •:• •~ ,; - ~·••::: •·~ D 
·~ I 00 _ - a /~: ~ >< . -_,.,- ·~ "" a ~- _.... -•'"'.~ e . •·•o ... D .n ~ ~z·· . ~ C a •:• • - -------o- o ~ ~ a _./_/ 
.! 90 - -- ··-ca- - - - ·~ a a a• •a - -- a 
0 --~/././" - / ~ / / / D e ~--CJ/ - .-
80 ~- - a · -·· 
- - //8/ 




60 -+----,- -~--~-··· ---
80 85 90 95 100 105 110 115 120 
Expected Yield (g/plant) 
Sativa x Sativa 
•.::• Sativa x Falcata 
• F alcata x F alcata 
GCAp1 + GCAp2 
- 95% Confidence Interval 
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CHAPTER 3. HETEROSIS IN ALFALFA OF AGRONOMIC TRAITS 
A paper to be submitted to Crop Science 
H. Riday* and E. C. Brummer 
Increasing forage yields remains a top priority of most alfalfa (Medicago sativa L.) 
breeding programs. Studies of crosses between dormant to moderately dormant M sativa 
subsp. sativa and M saliva subsp. falcata suggest a heterotic pattern for yield exists between 
the two subspecies. Yield, however, is not the only consideration in a breeding program; 
other agronomic traits need to be considered, especially when trying to develop breeding 
material from non-adapted sources. In this study we attempted to gain a better understanding 
of the agronomic performance of elite sativa by falcata crosses (SFC) in relation to elite 
sativa by elite sativa crosses (SSC) and falcata by falcata crosses (FFC). Nine elite sativa 
clones and five falcata clones were crossed in a diallel mating design. Progeny were space 
planted in 1998 at two locations in Iowa (Nashua and Ames). During the 1999 growing 
season winter survival, spring regrowth, vigor, growth habit, maturity, height, regrowth, and 
fall regrowth were measured. All traits showed general combining ability (GCA). Height, 
maturity, winter survival, and, vigor showed specific combining ability (SCA). Mean 
comparisons between SSC and FFC showed that SSC were superior for all traits but winter 
survival and vigor. SFC per se have slightly increased agronomic performance over the 
expected mid-parent for many traits. Most of the hybrids are intermediate to SSC and FFC, 
suggesting falcata germplasm presents a problem for crossing in a breeding program because 
H. Riday and E.C. Brummer, Department of Agronomy, Iowa State University, Ames, 
IA 50011. *Corresponding author (xriday@iastate.edu) 
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of poor agronomic qualities. These would need to be remedied to create a successful sativa-
falcata semi-hybrid breeding scheme. 
INTRODUCTION 
In the past few decades, alfalfa (Medicago saliva L.) yields in the United States have 
been stagnant using current breeding methods (Riday and Brummer, 2001 a). Brummer (1999) 
suggested using a semi-hybrid system to capture natural hybrid vigor found between certain 
alfalfa populations. By identifying specific heterotic patterns in alfalfa germplasm, populations 
could be developed using recurrent phenotypic selection and semi-hybrid varieties could be 
developed from inter-population crosses. Medicago saliva subsp. falcala (hereafter referred to 
as "falcata") is yellow flowered alfalfa that is decumbent, winter hardy (Lesins and Lesins, 
1979) and one of the nine initial alfalfa germplasm groups introduced into the United States 
(Barnes et al., 1977). Studies of falcata germplasm show it to have slower regrowth, earlier 
dormancy, and more decumbent growth habit than the more commonly cultivated subsp. saliva 
(Julier et al., 1995). The Iowa State University forage breeding program has initiated a long 
term breeding program to develop improved pure falcata germplasm that could be used in semi-
hybrid breeding programs (Brummer et al., 1997; Brummer, 1999). Agronomic field traits 
desirable for cultivars, in many breeding programs, are rapid regrowth, erectness, height, stand 
persistence, appropriate maturity, winterhardiness, and early spring recovery. Agronomic field 
traits are pursued in order to maximize yield and stand life (Sheaffer et al., 1988). 
Crosses between Medicago saliva subsp. saliva (hereafter referred to as "sativa") and 
falcata show heterosis (Westgate, 191 O; Waldron, 1920; Sriwatanapongse and Wilsie, 1968). 
We made elite sativa by falcata crosses (SFC) to determine if today's elite germplasm would 
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show heterosis, which it did (Riday and Brummer, 2001a). In addition to inter-subspecific 
crosses, hybrids between diverse sativa germplasm also expressed heterosis in some cases 
(Yazdi-Samadi and Stanford, 1969; Busbice and Rawlings, 1974; Hill, 1983). Agronomic field 
traits of the sativa by falcata crosses (SFC) have not been thoroughly investigated. In an early 
study, Burton ( 193 7) examined the progeny of a cross between falcata and hairy Peruvian 
genotypes. He did not report the means of the progeny but instead talked about the correlation 
of the agronomic traits measured and the distribution of the traits. Other than this report, we are 
unaware of any studies specifically examining the performance of a sativa-falcata hybrid in 
relation to its parental subspecies. High parent heterosis on a halfsib basis was often observed 
for yield in SFC (Riday and Brummer, 2001a), but for many forage quality traits, the parental 
subspecies with higher fiber values would often be dominant (Riday et al., 2001 b ). 
Our objective in this study was to observe how the sativa-falcata hybrid would behave in 
relation to intra-subspecific crosses (sativa or falcata) for agronomic field traits including height, 
maturity, growth habit, winter survival, spring regrowth, regrowth, fall regrowth, and vigor. 
Germplasm from three different commercial companies was included to see if within-
company sativa crosses (WCSC) were different from between-company sativa crosses 
(BCSC). 
MATERIALS AND METHODS 
Plant Materials 
Fourteen genotypes (nine sativa and five falcata) were used as parents in this 
experiment. The nine elite sativa genotypes included ABI408, ABI311, ABI419, and ABI314 
from ABI Alfalfa, Inc. (12351 W. 96 Terrace, Suite 101, Lenexa, KS 66215); C96-514, C96-
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673, and C96-513 from Forage Genetics (N5292 S. Gills Coulee Road, West Salem, WI 54669); 
and FW-92-118 and RP-93-377 from Pioneer Hi-bred International (400 Locust Street, Suite 
800, PO BOX 14453, Des Moines, IA 50306). The five falcata genotypes included WISF AL-4 
and WISFAL-6 from the semi-improved falcata population, WISFAL (PI560333; Bingham, 
1993); C25-6, a semi-improved falcata population developed in Colorado (PI578248; 
Townsend, 1995); and two genotypes visually selected for vigor from plant introductions that 
had been planted in the field near Ames, IA: PI214218-1, derived from an accession collected in 
Denmark in 1954 and PI502453-1, derived from the Russian cultivar Pavlovskaya. Crossing 
and greenhouse work is described in Riday and Brummer (2001a). 
Experimental Design and Agronomic Trait Measurements 
Field experiments were planted at the Agronomy and Agricultural Engineering 
Research Farm west of Ames, IA in a Nicollet loam soil (fine-loamy, mixed, superactive, 
mesic Aquic Hapludolls) on 20 May 1998 and at the Northeast Research Farm south of 
Nashua, IA in a Readlyn loam (fine-loamy, mixed, mesic Aquic Hapludolls) on 22 May 
1998. Field design is described in Riday and Brummer (2001a). 
Total biomass yield was measured over two harvests in 1998 and over three harvests in 
1999 (Riday and Brummer, 2001a). Spring regro\\1:h and winter survival were scored after 
initial emergence of plants from the ground after the winter (at Ames on 12 April 1999; at 
Nashua on 19 April 1999). Spring regro\\1:h was scored on a one (least amount of regro\\1:h) to 
five (most amount of regrowth) scale. Winter survival measured crown health and evenness of 
regro\\1:h and was scored on a one (healthiest) to five (most damaged) scale (Mccaslin and 
Woodward 1995). Vigor was scored before the June 1999 harvest (at Ames on 11 May 1999; at 
Nashua on 18 May 1999). Plants were visually scored for the thickness and amount of 
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vegetative growth in each plot (i.e., we tried to visually estimate vegetative yield) on a one (least 
vigor) to five (most vigorous) scale. Growth habit was visually scored on a one (most 
decumbent) to nine (most erect) scale for each plot. Plots were scored before the May and 
September 1999 harvests (at Ames on 11 May 1999 and 30 August 1999; at Nashua on 18 May 
1999 and 9 September 1999). Plot height was measured before the three 1999 harvests ( at 
Ames on 25 May 1999, 7 July 1999, and 30 August 1999; at Nashua on 3 June 1999, 14 July 
1999, and 8 September 1999). Five random plants per plot were chosen, the highest point of the 
plant as it stood was measured, and an average plot height was calculated. Maturity was 
visually scored on a one ( early vegetative) to nine (ripe seed pod) scale (Kalu and Fick, 1981 ). 
Plots were scored before the May, July, and September 1999 harvests ( at Ames on 26 May 
1999, 9 July 1999, and 30 August 1999; at on Nashua 3 June 1999, 14 July 1999, and 8 
September 1999). Regrowth was scored after the July and June harvests (at Ames on 5 June 
1999 and 21 July; at Nashua on 26 June 1999 and 26 July 1999) for the amount and rate of 
regrowth on a one (least) to five (most) scale. Fall-regrowth was scored after the September 
1999 harvest (at Ames on 7 September 1999; at Nashua on 17 September) for the amount and 
rate of regrowth on a one (least) to five (most) scale. 
Data Analysis 
The MIXED procedure of the SAS statistical software package (SAS, 2000) was used 
to calculate least squared means for each entry at each measuring data and location. 
Replications and blocks were considered to be random effects and entries were fixed. For 
height, growth habit, and maturity harvest-location combinations were treated as 
environments for analysis. Due to questionable field performance of parental genotypes, 
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which were derived from cuttings, analysis was based on progeny only (Riday and Brummer, 
2001a). 
Combining ability analysis based on Griffing (1956) was used to determine general 
combining ability (GCA), specific combining ability (SCA), and expected value as described 
in Riday and Brummer (2001a). Sativa by sativa (SSC), falcata by falcata (FFC), and SFC 
means were calculated according to Riday and Brummer (2001 a). Heterosis measures, mid-
subspecies heterosis (MS-heterosis), halfsib heterosis (HS-heterosis), high parent halfsib 
heterosis (HSHP-heterosis ), and low parent negative halfsib heterosis (HSLP-heterosis) were 
calculated as described in Riday and Brummer (2001 a). Halfsib means based on within-
subspecies crosses and SFC (WHS and SFHS respectively) were calculated based on Riday 
and Brummer (2001a). Linear contrasts between WCSSC and BCSSC were calculated for 
each trait to determine if there were significant differences between the cross types. 
RESULTS AND DISCUSSION 
Subspecies Means, Combining Ability, and Mid-Subspecies Heterosis (MS-heterosis) 
Experiment means of the three cross categories (FFC, SSC, or SFC) were calculated for 
each of the agronomic traits and compared using linear contrasts. For every trait except winter 
survival and vigor, SSC were superior to FFC. SFC was intermediate to SSC and FFC for 
height, growth habit, maturity, and regrowth at all time points. SFC was significantly better 
than both SSC and FFC for vigor. In the case of winter survival SFC and FFC were equivalent 
and both had better survival than SSC (Table 1). Maturity, regrowth, and height had significant 
environment by cross type interactions. Although maturity and regrowth exhibited cross type 
by environment interaction, they were due to magnitude effects. At Nashua May 1999 and at 
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Ames September 1999 SFC were equivalent to SSC; in the rest of the environments SFC was 
intermediate to SFC and SSC. 
For all traits at least some of the fourteen parental genotypes differed for GCA effects. 
SCA effects, in contrast, were only significant for vigor, height, and winter survival. SFC made 
up the majority of crosses in traits displaying significant SCA (Figure 1; Figure 2; and Figure 3). 
Vigor was highly correlated with yield (r = 0.74) and these results are congruent with those seen 
for yield (Riday and Brummer, 2001a; Riday and Brummer, 2001c). 
Mid-subspecies heterosis (MS-heterosis) was calculated to quantify the amount of 
heterosis between subspecies sativa and subspecies falcata. MS-heterosis represents the average 
heterosis seen in SFC compared to intra-subspecific crosses. MS-heterosis was significant for 
all traits but growth habit and regrowth (Table 1). The spring traits of winter survival, spring 
regrovVth, and vigor showed positive MS-heterosis ranging from 8 to 12%. These patterns were 
easily observable through visual observation of SFC, which looked very robust in the spring. 
Fall regrowth showed negative heterosis of about -5% (Table 1); this pattern was also visually 
observed in the field. Crosses containing a falcata parent went into dormancy earlier than SSC, 
exhibiting slower, more decumbent growth than in earlier growth periods. Maturity and height, 
which were measured throughout the growing season, had MS-heterosis of 4 and 7% 
respectively (Table 1 ). The increased maturity rates of SFC plants compared to the mid-intra-
subspecific cross (MS) mean were not visually apparent from field observations. Heterosis was 
seen in height, which could explain some of the increased yield and by extension heterosis for 
yield. The increased height in SFC over the MS mean height supports increased hybrid vigor in 
inter-subspecific crosses (Riday and Brummer, 2001a). 
53 
Between-Company Sativa Crosses (BCSC) vs. Within-Company Sativa Crosses (WCSC) 
Height was the only trait that differed for BCSC and WCSC. BCSC had increased 
height over WCSC, which suggests that commercial companies may have divergent enough 
germplasm to constitute heterotic groups. Since BCSC and WCSC were equivalent in terms of 
yield and all other traits (i.e., forage yield, agronomic traits, and forage quality), the hypothesis 
that company germplasm forms separate heterotic groups would have to be tested on a larger 
germplasm sample (Brummer and Riday, 2001a; Riday et al., 2001b). If heterosis exists 
between company germplasm pools, it appears on a smaller scale than sativa-falcata heterosis. 
Slight heterosis between company germplasm pools does suggest developing separate elite-
sativa populations in pursuit of capturing increased yield within elite-sativa germplasm through 
semi-hybrid breeding. 
Halfsib Analysis of Sativa-Falcata Relationships 
Two halfsib means for the fourteen parental genotypes were calculated, one based on 
inter-subspecific crosses (SFHS), the other based on intra-subspecific crosses (WHS). Growth 
habit, maturity, regrowth, and fall regrowth had all SFHS intermediate to the average of their 
WHS and the mean of the opposite intra-subspecific crosses (Table 2). The intermediate results 
of these four traits may be due to large differentials between SSC and FFC performance. Height 
tends to follow an intermediate trend, except for C96-673 and C96-513, which have equivalent 
SFHS and WHS (Table 2). Many SFHS and WHS are equivalent for spring regrowth and 
winter survival, possibly due to very similar performance of FFC and SSC (Table 2). Winter 
survival and vigor are the only two traits that showed HSHP-heterosis. In the case of vigor a 
majority of genotypes show HSHP-heterosis (Table 2). 
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Genotypes showed a similar halfsib heterosis (HS-heterosis) pattern for yield, height, 
and vigor (Table 3) (Riday and Brummer, 20001a). Surprisingly, growth habit had a somewhat 
different pattern than height. Several genotypes have negative HS-heterosis for growth habit, 
while all HS-heterosis values for height were positive (Table 3). Growth habit scores the overall 
growth form of plants, taking not only account of height but also spread of plants. The 
spreading factor not accounted for in height measurements may account for differences in 
heterosis between growth habit and height. Faster and slower maturing individuals exhibited 
HS-heterosis for maturity (Table 3). HS-heterosis was very genotype dependent for winter 
survival, spring regrowth, growth habit, and fall regrowth; both negative and positive HS-
heterosis was seen for these traits (Table 3). 
A major weakness of using falcata germplasm in alfalfa breeding is their poor 
agronomic performance as determined here. SFC had intermediate performance for most of the 
field traits we measured. When MS-heterosis or HS-heterosis was found it was usually positive. 
However, for many of the traits the HS-heterosis percentages were highly variable between 
genotypes and often changed signs. This being the case, careful selection of parents per se for 
desirable agronomic traits within heterotic groups is important. The lack of SCA indicates that 
all field traits are behaving in an additive manner, except height, vigor, and winter survival. 
Additive traits should make selection for more desirable genotypes easier. 
Variation within falcata germplasm is large. The problem is finding individuals with 
adequate performance levels for various traits. Currently most falcata germplasm is thought to 
be more decumbent, slower regrowing, and slower maturing (unpublished observations, 2000); 
finding falcata germplasm that is different from this trend is desirable. In our study, WISF AL-6 
is a good example of a desirable falcata; it grew erect and was morphologically more similar to 
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sativa than most other falcata. In crosses, sativa by WISF AL-6 hybrids looked very robust with 
thick vegetation and erect growth habit of sativa; its only weakness was its slower regrowth 
(Table 2). 
Agronomic field traits of sativa-falcata hybrids per se likely would not cause problems 
in a semi-hybrid breeding scheme. Sativa by falcata crosses are intermediate to their parents for 
most agronomic field traits even offering a slight improvement from the "mid-parent" (Table 1). 
It is the performance of the falcata parental germplasm that is a major obstacle. To make a 
sativa-falcata semi-hybrid system commercially feasible, falcata germplasm would need to be 
developed that is more adapted to the mid-western agricultural environment. Currently the Iowa 
State University forage breeding program in a collaborative effort with other research sites is 
attempting to improve falcata germplasm per se (Brummer et al., 1997). 
Due to the decumbent nature of falcata germplasm (Lesins and Lesins, 1979; Table 2), it 
is unclear if the yield heterosis seen in space plants would remain in a sward situation. Also 
slow regrowth of falcata germplasm might cause yield heterosis to disappear if a more intensive 
cutting regime is used. Since only five falcata genotypes were used in this study, it would be 
helpful to expand this study to a larger germplasm sample of falcata to determine if some 
existing falcata germplasm already fits a semi-hybrid breeding system. If a broad range of 
geographical and morphologically distinct falcata were examined in sativa-falcata hybrids, this 
might form the basis for heterosis prediction. Developing improved falcata germplasm per se 
represents a genetically sound strategy for long term breeding objectives. Improved falcata 
germplasm would increase the genetic base of commercially used breeding germplasm, in 
addition to also allowing the development of heterotic groups. 
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Table 1. Mean vigor, height, growth habit, maturity, winter survival, spring regrowth, regrowth and fall regrowth for 
crosses between and within M. sativa subsp. sativa and subsp. falcata, mid-subspecies heterosis (MS-heterosis), and 
combining ability analysis. Measurements were taken throughout the 1999 alfalfa growing season at two locations in 
Iowa. 
No. Winter Spring Vigor Growth Maturity Height Fall crosses Survival Regrowth Habit Regrowth Regrowth 
----------------------------- Secret ----------------------------- - cm- ------- Score ------
Sativa x Sativa (36) 1.8b 3.3a 4.0b 5.3a 5.2a 42.8a 3.8a 3.la 
Sativa x Falcata (45) 1.6a 3.lb 4.4a 4.5b 4.6b 40.4b 2.5b 2.3b 
F alcata x F ale a ta (10) 1.7a 2.5c 3.9b 3.6c 3.6c 32.8c 1.6c 1.4c 
MS-heterosis 8%** 9%** 12%** ns 4%*** 7%*** ns -5%** 
GCA *** *** *** *** *** *** *** *** 
SCA ** ns *** ns ns *** ns ns 
*, **,***significant at the 0.05, 0.01, and 0.001 probability levels, respectively. 
ns = not significant. 
t Scores: Winter Survival l(Most) 5(Least); Spring Regrowth l(Least) 5(Most); Vigor l(Least) 5(Most); Growth Habit 




Table 2. Inter (SFHS) and Intra-subspecific (WHS) halfsib family means for vigor, height, growth habit, maturity, 
winter survival, spring regrowth, regrowth and fall regrowth for fourteen genotypes measured in two Iowa locations 
throughout the 1999 alfalfa growing season. 
Winter Survival Spring Regrowth Vigor Growth Habit Maturi!Y Height Regrowth Fall Regrowth 
SFHSt HSt SFHS HS SFHS HS SFHS HS SFHS HS SFHS HS SFHS HS SFHS HS 
--------------------------------------- Score§ --------------------------------------- ----- cm ----- ------------ Scoret ------------
Sativa 
ABI311 1.8 1.8 2.8 3.3* 4.4H 4.o* 4.4 5.3*** 4.7 5.4*** 37.7 41.5*** 2.5 3.7*** 2.2 3 .1 *** 
ABI314 1.7 2.2*** 2.8 3.0 4.0 3.8 3.7 4.9*** 4.7 5.5*** 38.5 42.1 *** 2.2 3.7*** 1.9 2.9*** 
ABI408 1.5 1.8** 2.8 3.0 4.5 4.2 4.4 5.1 *** 4.5 5.3 *** 40.0 42.9*** 2.5 3.6*** 2.2 3.o*** 
ABI419 1.7 1.6 2.9 3.3 3.8 3.7 4.8 5.7*** 4.9 5.4 *** 41.4 43_9*** 2.3 3.6*** 1.8 3.o*** 
C96-513 1.8 2.2*** 3.0 3.1 4.4H 3.7*** 5.0 5.5*** 4.5 5 .1 *** 42.3 43.3 2.7 3.8*** 2.4 3.4*** 
C96-514 1.6 1.7 3.4 3.7 4.3H 3.9** 4.4 5.3*** 4.6 5.2*** 39.0 42.4*** 2.8 3.9*** 2.6 3 _3*** 
C96-673 1.4H 1.7* 3.3 3.3 4.6H 4.o*** 4.6 5.3*** 4.4 5.1*** 40.3 41.2 2.7 3.9*** 2.1 3 .1 *** 
FW-92-118 1.3H 1.6 3.7 3.6 4.8H 4.2*** 4.6 5.5*** 4.8 5.2*** 42.5 44.1 * 2.6 4.o*** 2.6 3.3*** 
RP-93-377 1.4H 1.7** 3.7 3.6 4.7H 4.1 *** 4.9 5.6*** 4.3 5.o*** 41.7 44.o** 2.6 3.9*** 2.5 3.3*** VI \.0 
Falcata 
WISFAL-4 1.6 1.6 3.2 2.8 4.4H 4.o* 5.0 4.1 *** 4.5 3.6*** 41.1 33.8*** 2.6 1.4 *** 2.3 1.7*** 
WISFAL-6 1.9 1.7* 2.9 2.5 4.2H 3.9* 5.3 4.1 *** 4.4 3.5*** 44.0H 34_5*** 2.7 1.8*** 2.2 1.4 *** 
C25-6 1.7 1.8 3.2 2.3*** 4.2H 3.7** 4.3 3.5*** 5.2 4.2*** 37.8 31.2*** 2.8 1.7*** 2.8 1.5*** 
PI214218-l 1.4H 1.5 3.3 2.6** 4.5H 4.o** 4.2 3 .4 *** 4.7 3.6*** 39.5 32.8*** 2.5 1.4*** 2.3 1.3 *** 
PI502453-1 1.3H 1.7** 3.1 2.2*** 4.7H 3.8*** 3.9 3.o*** 4.2 3.2*** 39.5 31.7*** 2.1 1.4 *** 1.7 1.1 ** 
Means 
Sativa Mean 1.8 3.3 4.0 5.3 5.2 42.8 3.8 3.1 
Falcata Mean 1.7 2.5 3.9 3.6 3.6 32.8 1.6 1.4 
LSDo,os 0.2 0.2 0.2 0.2 0.1 0.9 0.2 0.2 
t Within subspecies halfsib means (WHS) were contrasted with sativa by falcata halfsib means (SFHS). 
t H indicates high parent halfsib heterosis (HSHP-heterosis) found. 
*, **, *** Significant at the 0.05, 0.01, and 0.001 probability levels, respectively. Comparisons without asterisks were not significant. 
§ Scores: Winter Survival l(Most) 5(Least); Spring Regrowth l(Least) 5(Most); Vigor l(Least) 5(Most); Growth Habit !(Prostrate) 9(Erect); Maturity 
l(Early Vegetative) 9(Ripe Seed Pod); Regrowth l(Least) 5(Most); and Fall Regrowth l(Least) 5(Most). 
Table 3. Halfsib heterosis (HS-heterosis) of vigor, height, growth habit, maturity, winter survival, spring regrowth, 




















*** * ns ns 12.1 % ns 4.8% ns -6.0% 
** *** *** ns ns 4.8% -12.6% ns ns -14.8% 
* *** *** 12.2% ns 11.3% ns ns 5.8% ns 
*** *** * ns ns ns ns 7.9% 7.9% -9.7% 
*** *** *** ns ns 16.7% 10.1% ns 11.2% 
** * * ns ns 10.6% ns 4.9% 3 .6% ns 
** * *** *** 15.9% 14.4% 15.8% ns ns 8.9% ns 
16.9%** 21.6%** 18.7%*** ns 8.83//** 10.53//** ns 
** ** *** * *** 17.4% 21.2% 18.0% 6.2% ns 8.7% ns 
ns ns 9.6%*** 5.4%** ns 7.2%*** ns 
* ** *** *** -10.3% ns 7.9% 11.8% ns 13.8% ns 
* ** *** ns 14.6% 9.7% ns 10.4% ns ns 
*** *** * *** ** 16.7% ns 12.4% -5.2% 6.7% 4.4% ns 
*** *** * *** *** PI502453-1 23.4% ns 21.8% -5.9% ns 6.1 % -20.5% 
HS-Heterosis is significantly different from zero: *, **, *** at the 0.05, 0.01, and 0.001 probability levels, respectively. 
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Figure 2. Observed versus expected alfalfa (M. saliva L.) vigor score l(Least) 5(Most) for sativa by sativa crosses, sativa 
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Figure 3. Observed versus expected alfalfa (M. saliva L.) height (cm) for sativa by sativa crosses, sativa by falcata 
crosses, and falcata by falcata crosses across two Iowa locations and three height measurements (May, July, and 
September) in 1999 for: sativa x sativa crosses, sativa x falcata crosses, and falcata x falcata crosses 
0\ w 
64 
CHAPTER 4: HETEROSIS IN ALFALFA OF FORAGE QUALITY 
A paper to be submitted to Crop Science 
H. Riday*, K. J. Moore, and E. C. Brummer 
A semi-hybrid system may capture natural hybrid vigor found in alfalfa (Medicago 
sativa L.) populations. Medicago sativa subsp. sativa and subsp. falcata represent a heterotic 
pattern that could be used in a semi-hybrid breeding system to increase yields. Besides biomass 
yield, forage quality is an important factor in forage breeding. The forage quality of inter-
subspecific crosses in relation to intra-subspecific crosses involving sativa and falcata is unclear. 
The objective of this study was to compare forage quality of sativa by falcata crosses (SFC) 
with sativa by sativa crosses (SSC) and falcata by falcata (FFC). We used standard forage 
quality measures of in vitro dry matter digestibility (IVDMD), neutral detergent fiber (NDF), 
acid detergent fiber (ADF), acid detergent lignin (ADL), crude protein, leaf/stem ratio, 
hemicellulose, and cellulose to measure stem forage quality of inter and intra-subspecific sativa 
and falcata crosses. Forage samples were gathered from three Iowa environments: October 
1998, at Ames; May 1999, at Ames; and May 1999, at Nashua. Analysis ofhalfsib means and 
inter and intra-subspecies cross means indicates that sativa-falcata hybrids have slightly 
decreased stem forage quality compared to expected quality ba~ed on intra-subspecies cross 
means. For most forage quality traits the decreased quality is equivalent to the level of the 
poorer performing intra-subspecies mean. Combining ability analysis indicated all traits were 
H. Riday, K.J. Moore, and E.C. Brummer, Department of Agronomy, Iowa State 
University, Ames, IA 50011. *Corresponding author (xriday@iastate.edu) 
65 
acting in an additive manner, suggesting that the forage decline was small and was therefore 
only seen on a halfsib or subspecies mean basis. 
INTRODUCTION 
A long-term objective of the Iowa State University forage breeding program is 
developing improved Medicago sativa subsp. falcata germplasm (hereafter referred to as 
"falcata") (Brummer et al., 1997). Improved falcata germplasm could enhance genetic diversity 
of existing North American alfalfa breeding germplasm (Barnes, 1977). Brummer (1999) 
suggests using a semi-hybrid system to capture natural hybrid vigor found in alfalfa populations. 
By identifying specific heterotic patterns in alfalfa germplasm, populations could be developed 
using recurrent phenotypic selection and semi-hybrid varieties could be developed from inter-
population crosses. Falcata germplasm represents a heterotic group that could be used in a 
semi-hybrid breeding system with Medicago sativa subsp. sativa germplasm (hereafter called 
sativa) (Westgate, 1910; Waldron 1920; Sriwatanapongse and Wilsie, 1968; Riday and 
Brummer, 2001a). The use of falcata-sativa hybrids could be used to alleviate apparent yield 
stagnation of the past few decades (USDA, 2000; Riday and Brummer, 2001a). 
Forage quality is an important factor in forage breeding. One goal in breeding for forage 
quality has been increasing digestibility by decreasing fiber and increasing leaf/stem ratios (Hill 
et al., 1988, Buxton and Casler, 1993; Nelson and Moser, 1994; Vogel and Sleper, 1994). An 
ideal forage digestibility would be around 80% with NDF values between 300 to 360 g/kg; 
however, such forage is rarely found (Buxton and Casler, 1993). Alfalfa is a popular forage due 
to its high level of protein (Hill et al., 1988). Crude protein levels a little above 200 g/kg are 
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desirable. One reason suggested for current yield stagnation is the focus of breeding programs 
on increased disease resistance and forage quality (Hill et al., 1988). 
Forage quality of falcata germ plasm and sativa by falcata crosses (SFC) in relation to 
sativa germplasm is unclear. Julier et al. (1996) examined a diverse set of sativa and falcata 
diploid and tetraploid germplasm for stem forage quality, and found that falcata had higher 
forage quality on average than sativa for in vitro enzymatic digestibility (IVED), neutral 
detergent fiber (NDF), acid detergent fiber (ADF), and acid detergent lignin (ADL ). In a 
previous study, however, Lessen et al. (1991) examined 'Anik', a diploid falcata, and found it 
had the lowest stem forage quality, compared to representatives from the other eight alfalfa 
germplasm sources, for true in vitro digestible dry matter (TIVDDM), NDF, hemicellulose, 
cellulose, and crude protein. Lessen et al. ( 1991) determined that Anik similarly had the poorest 
leaf quality characteristics compared to representatives of the other eight alfalfa germplasm 
sources. Buxton et al., (1987) examined in vitro digestible dry matter (IVDDM) and crude 
protein in sativa, falcata, and M sativa subsp. varia accessions. The seven accessions with the 
highest stem IVDDM were sativa, while accessions that had the lowest stem IVDDM were 
falcata. Conversely only one sativa was among the highest seven accessions for stem crude 
protein, while falcata accessions or accessions containing some falcata made up the majority of 
accessions with the most stem crude protein. 
Genetic variation of fiber and protein traits per se is one cause of forage quality 
variation. Stand management and plant morphology, however, have a major affect on forage 
quality variation as well. Falcata regrow and mature more slowly than sativa and are more 
decumbent, which may affect forage quality results from study to study (Riday and Brummer, 
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2001 b; Julier et al., 1995; Buxton et al., 1987). Literature specifically examining the forage 
quality of SFC is lacking. 
Our objective was to examine forage quality of SFC in relation to sativa by sativa 
crosses (SSC) and falcata by falcata crosses (FFC). Stem samples from three Iowa 
environments were used to determine the standard forage quality measures of in vitro dry matter 
digestibility (IVDMD), NDF, ADF, ADL, crude protein, leaf/stem ratio, hemicellulose, and 
cellulose (Van Soest et al., 1991). 
MATERIALS AND METHODS 
Plant Materials 
Fourteen genotypes (nine sativa and five falcata) were used as parents in this 
experiment. The nine elite sativa genotypes included ABI408, ABB 11, ABI419, and ABI314 
from ABI Alfalfa, Inc. (12351 W. 96 Terrace, Suite 101, Lenexa, KS 66215); C96-514, C96-
673, and C96-513 from Forage Genetics (N5292 S. Gills Coulee Road, West Salem, WI 54669); 
and FW-92-118 and RP-93-3 77 from Pioneer Hi-bred International ( 400 Locust Street, Suite 
800, PO BOX 14453, Des Moines, IA 50306). The five falcata genotypes included WISF AL-4 
and WISFAL-6 from the semi-improved falcata population, WISFAL (PI560333; Bingham, 
1993); C25-6 a semi-improved falcata population developed in Colorado (PI578248; Townsend, 
1995); and two genotypes visually selected for vigor from plant introductions that had been 
planted in the field near Ames, IA: PI214218- l, derived from an accession collected in 
Denmark in 1954 and PI502453-1, derived from the Russian cultivar Pavlovskaya. Crossing 
and greenhouse work is described in Riday and Brummer (2001a). 
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Experimental Design 
Field experiments were planted at the Agronomy and Agricultural Engineering 
Research Farm west of Ames, IA in a Nicollet loam soil (fine-loamy, mixed, superactive, 
mesic Aguie Hapludolls) on 20 May 1998 and at the Northeast Research Farm south of 
Nashua, IA in a Readlyn loam (fine-loamy, mixed, mesic Aguie Hapludolls) on 22 May 
1998. Field design is described in Riday and Brummer (2001a). Two harvests for biomass 
yield were taken on 18 August and 16 October 1998 in Ames and on 20 August and 20 October 
in Nashua. Each ten-plant plot was hand-harvested and the total plot biomass was dried for 5 
days at 60°C in a forced-air dryer and weighed. The Ames October 1998 sub-samples were 
saved for forage quality. In 1999, harvests were taken on 27 May, 7 July, and 1 September at 
Ames and on 6 June, 15 July, and 10 September at Nashua. Plots were sub-sampled by clipping 
several randomly selected stems from each plant; sub-samples were weighed wet, dried for 5 
days at 60°C, weighed dry. Whole plots were harvested and weighed wet during each harvest 
and a dry matter yield on a per plant basis was calculated based on the dry matter percentage 
determined from the sub-samples. Two field replications of sub-samples were saved from 
Ames and Nashua June 1999 harvests foi- forage quality. 
Forage Quality Analysis 
Stems were separated from leaves and saved for quality analysis. Both stems and leaves 
were weighed to determine leaf/stem ratio for the June 1999 harvests at Ames and Nashua. The 
dried stem samples were ground to pass a 1-mm mesh screen (Cyclone Mill, UDY Mfg., Fort 
Collins, CO 80524). The ground stem samples were analyzed using near-infrared reflectance 
spectroscopy (Windham et al., 1989). A scanning monochromator was used to collected 
reflectance measurements (log 1/R) between 1100 to 2500 nm and recorded at 4-nm intervals 
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(NIRS Systems, Silver Springs, MD 20910). For IVDMD 91 calibration samples were selected, 
while for: NDF, ADF, ADL, and ash 50 calibration samples were selected. The calibration sets 
represented the range ofH-values for the entire sample set (Shenk and Westerhaus, 1991a). For 
the calibration sets, IVDMD and crude protein were determined using two-stage IVDMD 
(Marten and Barnes, 1980) and micro-Kjeldahl nitrogen multiplied by 6.25 (Bremner and 
Breitenbeck, 1983). Rumen fluid was obtained from a fistulated steer that was fed a 100% hay 
diet. An ANKOM 200 Fiber Analyzer (ANKOM Technology Corp., Fairport, NY 14450) was 
used to determine NDF and ADF for the calibration set as described in Vogel et al. (1999). 
Acid detergent lignin and ash were determined for the calibration set by taking the 
ANKOM bags containing the residual of the ADF procedure and placing them in a 3 L Daisy11 
incubator jar containing enough 72% H2S04 to cover the ANKOM bags 0' an Soest et al., 
1991 ). The samples were rotated in the incubator for 3 hours. The sample bags were washed 
first in hot water for 15 minutes and then in acetone for 10 minutes. The sample bags were 
dried in a 100°C oven overnight and after cooling were weighed. Finally, the entire sample bag 
with its remaining material was ashed at 525°C for 4 hours, and the ash weighed. Ash weights 
were calculated after accounting for the sample bag material. Acid detergent lignin was 
adjusted for ash. 
Calibration equations were calculated using modified partial least squares regression 
(Shenk and Westerhaus, 1991b). Coefficients of determination (R2) and standard errors of the 
calibration and cross validation for IVDMD were 0.97, 1.07, and 1.25; for NDF were 0.99, 0.82, 
and 1.32; for ADF were 0.99, 0.61, and 1.10; for ADL were 0.96, 0.35, and 0.46; and for crude 
protein were 0.99, 0.04, and 0.09 (Windham et al., 1989). Hemicellulose was calculated as 
NDF-ADF. Cellulose was calculated as ADF-ADL. 
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Data analysis 
The MIXED procedure of the SAS statistical software package (Littell et al., 1996) 
was used to calculate least squared means for each entry at each harvest and location. Reps and 
blocks were considered to be random effects and entries were fixed. The three location-harvest 
combinations (October 1998, Ames; May 1999, Ames; and May 1999, Nashua) were treated as 
environments for further analysis. Due to questionable field performance of cuttings made 
from parent genotypes, analysis was based on progeny only (Riday and Brummer, 2001a). 
Combining ability analysis based on Griffing (1956) was used to determine general 
combining ability (GCA), specific combining ability (SCA), and expected value as described 
in Riday and Brummer (2001a). SSC, SFC, and FFC means were calculated according to 
Riday and Brummer (2001a). Heterosis measures, mid-subspecies heterosis (MS-heterosis), 
halfsib heterosis (HS-heterosis), high parent halfsib heterosis (HSHP-heterosis), and low 
parent negative halfsib heterosis (HSLP-heterosis) were calculated as described in Riday and 
Brummer (2001 a). Halfsib means based on within-subspecies crosses and SFC (WHS and 
SFHS respectively) were calculated based on Riday and Brummer (2001a). Expected sativa 
x falcata halfsib mean performance (ESFHS) was calculated as: 
. (ss + FF) ESFHS of parent z = 
2 
where, 
SS = if parent i is a sativa, then SS = WHS; if parent i is a falcata, then SS = SSC mean; 
FF = if parent i is a falcata, then FF = WHS; if parent i is a sativa, then FF = FFC 
mean; 
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All of the calculations described above were determined for IVDMD, NDF, ADF, ADL, 
hemicellulose, cellulose, crude protein and leaf/stem ratio. 
Deviation Projection Analysis (DPA) 
The three Halfsib values (ESFHS, SFHS, and WHS) of the fourteen parental 
genotypes were graphed in 3-D space (Figure IA) to visualize deviations from expectancy. 
A 3-D graph of ESFHS, SFHS, and WHS would have all points (representing parental 
genotypes) fall on the central 1 : 1 : 1 axis (Figure 1 A) if the trait graphed was truly additive 
with no differences between intra and inter-subspecific sativa-falcata performance. In 
addition to the 1: 1: 1 central axis, there are three additional 1: 1 relationships in this 3-D space 
(Figure lA). (i) ESFHS vs. SFHS. If genotypes deviate from this line, they are exhibiting 
HS-heterosis. (ii) ESFHS vs. WHS. If genotypes deviate into two subspecies clusters, on 
either side of the line, then SSC and FFC means differ. (iii) SFHS vs. WHS. If genotypes 
deviate from this line, it indicates that inter and intra subspecific halfsib means are not 
equivalent. For the SFHS vs. WHS relationship in particular, when genotypes from one 
subspecies lie on this I : I line, but genotypes from the other do not, dominance of one 
subspecies over the other is indicated (i.e., the hybrid progeny perform equivalent to one 
parental subspecies for the trait graphed). 
In this particular analysis we were only interested in deviations from expectancy (i.e., 
1 : I : I or I : I) and not in the magnitude of genotypic performance. Therefore, the 3-D plot for 
each trait was rotated so that the central triple 1 : I: I relationship vector was perpendicular to 
the projection plane and points were projected onto a 2-D surface (Figure lB). This 
projection eliminates trait values for genotypes and leaves only deviations from expectancy 
on the surface. Three I: 1 lines divide the surface, and intersect at the 1: 1: 1 expectancy point. 
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Positive and negative deviations from 1: 1 expectancy are determined by which side of the 1: 1 
expectancy line a genotype falls on (Figure 1 C). 95% confidence intervals around the 1: 1 
expectancy lines (2 x LSD) were projected onto the 2-D surface to indicate if points 
significantly deviated from an expectancy line (Figure ID). 
Significance of all results was assessed at the 5% probability level, unless noted 
otherwise. 
RESULTS AND DISCUSSION 
Subspecies Means, Combining Ability, and Mid-Subspecies Heterosis (MS-heterosis) 
On an experiment mean basis, FFC stems had higher IVDMD, lower ADL, lower 
hemicellulose, and higher crude protein than SSC (Table 1 ). Sativa by sativa crosses had more 
cellulose and a higher leaf/stem ratio than FFC. Acid detergent fiber and NDF did not differ 
between SSC and FFC (Table 1). We concluded that falcata germplasm had better stem forage 
quality than sativa germplasm, but a lower leaf/stem ratio, supporting Julier et al. (1996). Sativa 
by falcata crosses had stem forage quality similar to the inferior parental within-subspecies cross 
means for many stem quality traits (IVDMD, crude protein, cellulose, hemicellulose, and 
leaf/stem ratio) (Table 1 ). Higher NDF and ADF were observed in SFC stems compared to 
either FFC or SSC. Only in the case of lignin was SFC intermediate to parental within-
subspecies crosses (Table 1). No cross-type by environment interaction was observed for any of 
the stem forage quality traits. 
All stem forage quality traits showed significant GCA but none exhibited SCA (Table 
1 ). On a cross by cross basis, combining ability analysis showed stem forage quality traits were 
behaving in an additive manner with no significant non-additive component. 
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MS-heterosis from 1-2% was observed in SFC for most fiber quality traits (NDF, ADF, 
cellulose, and hemicellulose) (Table 1 ). Increased fiber in SFC lead to -1 % MS-heterosis for 
IVDMD. Fewer leaves and less crude protein were seen in SFC than expected based on MS-
heterosis (Table 1 ). 
Halfsib Analysis of Sativa-Falcata Relationships 
Deviation projection analysis (DPA) graphs 
Based on cross-type mean comparisons it appeared that for many stem quality traits, 
one subspecies was dominant over the other in inter-subspecific crosses (i.e., subspecies 
dominance). We used deviation projection analysis (DPA) graphs to visually determine if 
subspecies dominance was being displayed on a halfsib level in SFC. DPA graphs 
simultaneously compare SSC, FFC, halfsib heterosis (HS-heterosis ), within subspecies 
halfsib means (WHS), and sativa by falcata halfsib means (SFHS). If a trait shows 
subspecies dominance, genotypes from the dominant subspecies will cluster on the 
SFHS: WHS line, while genotypes from the non-dominant subspecies will cluster to either 
side of the SFHS: WHS line. In addition to subspecies dominance, separation of sativa and 
falcata parental genotypes into separate clusters along the ESFHS: WHS lines indicates 
differences between SSC and FFC, while genotypes above the ESFHS:SFHS line exhibit 
negative HS-heterosis and genotypes below the line display positive HS-heterosis. 
Based on DP A graphs we conclude that falcata parentage is dominant in SFC, on a 
halfsib basis, for cellulose (Figure 3B). Sativa parentage is dominant in SFC, on a halfsib 
basis, for crude protein and IVDMD (Figure 2A; Figure 3A). It could be argued that 
hemicellulose and leaf/stem ratio show subspecies dominance in SFC for sativa and falcata 
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respectively (Figure 3B; Figure 3C). Unfortunately the dominant subspecies has more fiber, 
less crude protein, and smaller leaf/stem ratio (i.e., poorer stem forage quality). 
Due to cellulose and hemicellulose being equivalent to the dominant subspecies in 
SFC; it follows that NDF ( containing cellulose and hemicellulose) in SFC should outperform 
intra-subspecific crosses. Deviation projection graphs show genotypes clustering to the 
lower right-hand comers of the NDF graph (Figure 2B), indicating high parent halfsib 
heterosis (HSHP-heterosis) as expected under the subspecies dominance hypothesis. A 
similar pattern is seen for ADF, to which cellulose also partially contributes (Figure 2C). 
More divergent germplasm should be used to test subspecies dominance for stem quality 
traits in sativa-falcata hybrids. In IVDMD, SSC and FFC were more divergent; however, the 
inter-subspecific dominance is still clearly evident (Figure 2A). 
Halfsib heterosis (HS-heterosis) 
For most stem quality traits, positive or negative HS-heterosis was expressed in fewer 
than half of the fourteen parental genotypes (Table 3). The lack of consistent HS-heterosis is 
likely due to low levels of heterosis. A few parental genotypes never displayed HS-heterosis 
for any forage quality trait (ABI311, C96-673, C25-6) (Table 3). ABI419 had significant 
HS-heterosis for every stem forage quality trait measured. HSHP-heterosis, likely due to 
subspecies dominance, was only observed in NDF and ADF, and only in a few genotypes. 
HSLP-heterosis was observed for leaf/stem ratio (ABI419) and crude protein (PI502453-1 ). 
Contrasts of WHS and SFHS (Table 2) support the subspecies dominance hypothesis 
for the traits ofIVDMD, cellulose, and leaf/stem ratio. For each of these three traits only one 
subspecies had significant WHS and SFHS contrasts. Weak evidence of subspecies 
dominance for hemicellulose, crude protein, and ADL was observed from contrasts between 
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WHS and SFHS (Table 2). It is apparent from the ADL DPA graph that lignin was not 
behaving in a subspecific dominant manner (Figure 2D). 
Basis of Subspecific Dominance 
The objective of this experiment was to gain a better understanding of how SFC perform 
in relation to crosses made within parental subspecies for forage quality traits. The lack of SCA 
effects suggests that forage quality traits behave additively. This hypothesis is supported by 
studies that indicate forage quality traits are most likely polygenic and highly additive (Buxton 
and Casler, 1993). Subspecific dominance found at the halfsib mean and subspecies mean level 
appears to contradict the SCA results. If stem quality traits are polygenic and highly additive 
one would not expect non-additive genetic effects to appear in individual crosses. However, in 
a cross between two heterotic populations (i.e., two populations with differing frequencies of 
dominant alleles between the populations [Hallauer and Miranda, 1988]) the cumulative effect 
of many different dominant alleles coming together might allow non-additive genetic effects to 
appear at inter-population and inter-subspecific levels, yet remain unobserved in individual 
inter-subspecific and population crosses. 
Although forage with increased stem fiber is considered poorer in forage quality, from 
an environmental fitness perspective increased fiber is desirable to protect the plant from the 
environment and diseases (Buxton and Casler, 1993). Increased environmental fitness of SFC 
observed from increased fiber in inter-subspecific crosses is further evidence of hybrid vigor 
and the sativa-falcata heterotic pattern (Riday and Brummer, 2001a). 
Cellulose, and NDF, which showed non-additive gene action on an inter-subspecific 
level, were weakly correlated with SCA(%) (r = 0.21, p = 0.05; and r = 0.22, p = 0.04) (Riday 
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and Brummer, 2001 c ). Leaf/stem ratio another trait that is subspecific dominant was negatively 
correlated with mid-parent heterosis (r = -0.33, p = 0.001) (Riday and Brummer, 2001c). 
Breeding Implications 
Decreased forage quality of SFC may not present a problem in breeding since HS-
heterosis percentages for stem fiber were not usually higher than 4%, while yield heterosis was 
around 18% and many agronomic field traits showing slight beneficial heterosis (Riday and 
Brummer, 2001a and Riday and Brummer, 2001b). 
This study has general implications for population hybrids. Subspecific dominance of 
various stem forage quality traits shows an advantage of population hybrids compared to single 
cross hybrids. In single cross hybrids, intensive selection and breeding is required to maintain 
and insert new desirable alleles into inbreed lines. When inbred lines are crossed to produce 
hybrids, these hybrids only express complimentary favorable alleles contained in the two 
inbreed lines that constitute the hybrid. In a population-hybrid system, the collective force of 
the entire set of complimentary favorable alleles contained in both populations is expressed in 
the hybrid population mean. The disadvantage of population hybrids is that populations with 
heavy genetic loads and allele complementation between parental populations have a lower 
probability of covering undesirable alleles. Phenotypic selection within heterotic populations 
can reduce genetic load, and since creating inbred lines in alfalfa is difficult, breeding heterotic 
populations with reduced genetic loads is a desirable option. Improved populations can then be 
combined in population crosses to make semi-hybrid seed (Brummer, 1999). 
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Table 1. Mean alfalfa stem in vitro dry matter digestibility (IVDMD), neutral detergent fiber (NDF), acid detergent 
fiber (ADF), acid detergent lignin (ADL), crude protein, cellulose, hemicellulose, and leaf/stem ratio for crosses between 
and within M. saliva subsp. saliva and subsp. falcata, mid-subspecies heterosis (MS-heterosis ), general and specific 
combining ability (GCA and SCA), at three Iowa environments (October 1998, Ames; May 1999, Ames; and May 1999, 
Nashua). 
No. IVDMD NDF ADF ADL Crude Cellulose Hemi-crosses Protein cellulose 
--------------------------------------- g kg-1 ----------------------------------------
Sativa x Sativa (36) 586b 545a 408a 93c 
Sativa x Falcata (45) 590b 552b 416b 92b 
F ale a ta x F ale a ta (10) 608a 542a 410a 88a 
MS-Heterosis -1%** 2%*** 2%*** ns 
GCA *** *** *** *** 
SCA ns ns ns ns 
*** , **, * Significant at the 0.001, 0.01, and 0.05 level of probability. 
ns = not significant. 
12th 314a 137b 
12th 325b 136b 
128a 322b 132a 
-3%* 2%*** 1%* 
*** *** *** 











Table 2. Inter (SFHS) and Intra-subspecific (WHS) halfsib family means of in vitro dry matter digestibility (IVDMD), 
neutral detergent fiber (NDF), acid detergent fiber (ADF), acid detergent lignin (ADL), hemicellulose, cellulose, acid 
detergent lignin (ADL), crude protein, and leaf/stem ratio for fourteen (M. sativa L.) genotypes across three Iowa 
environments (October 1998, Ames; May 1999, Ames; and May 1999, Nashua). 
IVDMD NDF ADF Hemicellulose Cellulose AOL Crude Protein Leaf/Stem Rati 
SFHS WHSt SFHSt WHS SFHS WHS SFHS WHS SFHS WHS SFHS WHS SFHS§ WHS SFHS WHS 
--------------------------------------------------------------- g kg- I -------------------------------------------------------------- --- ratio ---
Sativa 
ABI311 592 585 554 549 417 411 137 139 326 31s* 90 93 117 114 1.37 1.47 
ABI314 600 596 543 534 408 398 135 136 319 307** 89 91 125 127 l.09L 1.35** 
ABI408 583 577 558 553 423 413 135 136 329 321* 94 96 130 129 1.40 1.41 
ABI419 578 578 560 550 422 413 138 137 328 31g** 94 95 118 119 1.11 1.24 
C96-513 583 592 554H 537** 419 402** 135 135 326 310*** 94 92 116 120 1.27 l.4s** 
C96-514 594 595 555H 542* 419H 405** 135 136 329 314*** 90 91 124 126 1.27 1.46** 
C96-673 604 595 544 539 409 405 134 134 322 314* 88 91 * 122 120 1.35 1.52* 00 ........ 
FW-92-118 582 578 561 554 420 413 132 138** 318 312 94 96 116 119 1.14 1.24 
RP-93-377 595 57g** 540 546 408 408 141 141 326 317* 91 96*** 124 118* 1.23 1.40* 
Falcata 
WISFAL-4 586 602* 559H 546* 425 418 134 128** 333 329 92 89 117 125* 1.35 1.27 
WISFAL-6 580 600** 559 547 422 415 137 132* 328 325 94 90** 124 132* 1.16 1.20 
C25-6 600 6ls** 541 533 408 401 134 132 317 316 90 g5** 129 134 1.26 1.32 
PI2142 l 8-l 589 605* 553 546 418 413 135 133 327 326 92 88* 120 123 1.26 .1.26 
PI502453-1 596 615** 548H 535* 408 402 140H 134** 318 316 90 85** l 16L 127** 1.21 1.14 
Means 
Sativa Mean 586 542 408 137 314 93 121 1.40 
Falcata Mean 608 545 410 132 322 88 128 1.24 
LSD(o.os) 11 10 9 3 7 3 5 0.14 
t Within subspecies halfsib means (WHS) were contrasted with sativa by falcata halfsib means (SFHS). 
t H indicates high parent halfsib heterosis (HSHP-heterosis) found. 
§ L indicates low parent negative halfsib heterosis (HSLP-heterosis) found. 
*, **,***Significant at the 0.05, 0.01, and 0.001 probability levels, respectively. Comparisons without asteriks were not significant. 
Table 3. Halfsib heterosis (HS-heterosis) of in vitro dry matter digestibility (IVDMD), neutral detergent fiber (NDF), 
acid detergent fiber (ADF), acid detergent lignin (ADL), hemicellulose, cellulose, acid detergent lignin (ADL), crude 
protein, and leaf/stem ratio for fourteen (M. saliva L.) genotypes across three Iowa environments (October 1998, Ames; 
May 1999, Ames; and May 1999, Nashua). 
IVDMD NDF ADF Hemicellulose Cellulose ADL Crude Protein Leaf/Stem Ratio 
Sativa 
ABI311 ns ns ns ns ns ns ns ns 
ABI314 ns ns ns ns ns ns ns -15.7%** 
ABI408 -2.5%** 2.6%** 2.5%* 2.9%* 2.4%* 3.0%* -4.7%* -10.2%* 
ABI419 ns 1.9%* 2.4%* ns 2.4%* ns ns ns 
C96-513 -2.9%*** 2.7%** 3.3%** ns 2.9%** 4.5%** -5.9%* ns 
C96-514 ns 2.4%* 2.9%** ns 3.4%** ns ns ns 
C96-673 ns ns ns ns ns ns ns ns 00 N 
FW-118 -1.8%* 2.5%** 2.2%* ns ns 2.9%* -5.7%* ns 
RP-377 ns ns ns 3.5%** ns ns ns ns 
Falcata 
WISFAL-4 ns 2.4%** 2.8%** ns 3.5%*** ns -4.6%* ns 
WISFAL-6 -2.3%** 2.4%** 2.6%** ns 2.6%** 2.8%* ns -10.5%** 
C25-6 ns ns ns ns ns ns ns ns 
PI214218-1 ns ns 1.9%* ns 2.1%* ns ns ns 
PI502453-1 ns ns ns 3.1 %** ns ns -6.5%*** ns 
HS-Heterosis is significantly different from zero: *, **,***at the 0.05, 0.01, and 0.001 probability levels, respectively. 
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Figure 1. Deviation projection analysis (DPA) A) 3-D plot of expected sativa by falcata halfsib means (ESFHS), sativa 
by falcata halfsib means (SFHS), and within-subspecies halfsib means (WHS) B) Rotation and projection of 3-D graph 
onto 2-D plane C) Direction of positive and negative deviations from 1:1 expectancy lines D) 95% Confidence intervals 
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• M. saliva subsp. saliva genotypes o M. saliva subsp.falcala genotypes 
Figure 2. Deviation projection analysis (DP A) graphs of (A) in vitro dry matter 
digestibility (IVDMD), (B) neutral detergent fiber (NDF) (C) acid detergent fiber 
(ADF), and (D) acid detergent lignin (ADL). IVDMD, NDF, ADF, and ADL were 
measured based on stem forage quality samples collected in three Iowa environments 
(October 1998, Ames; May 1999, Ames; and May 1999, Nashua). DPA graphs are 
based on within-subspecies halfsib means (WHS), sativa x falcata halfsib means 
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• M. sativa subsp. sativa genotypes o M. sativa subsp.falcata genotypes 
Figure 3. Deviation projection analysis (DP A) graphs of (A) crude protein, (B) 
leaf/stem ratio (C) hemicellulose and (D) cellulose. Crude protein, hemicellulose, and 
cellulose were measured based on stem forage quality samples collected in three 
Iowa environments (October 1998, Ames; May 1999, Ames; and May 1999, Nashua). 
Leaf/stem ratio is based on two Iowa environments (May 1999 Ames; and May 1999 
Nashua). DPA graphs are based on within-subspecies halfsib means (WHS), sativa x 
falcata halfsib means (SFHS), and expected sativa x falcata halfsib means (ESFHS) 
of fourteen (M. sativa L.) genotypes. 
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CHAPTER 5. GENETIC AND MORPHOLOGICAL DISTANCE COMPARISONS 
WITH HETEROSIS BETWEEN MEDICAGO SATIVA SUBSP. SATIVA AND SUBSP. 
FALCATA 
A paper to be submitted to Theoretical and Applied Genetics 
H. Riday*, T.A. Campbell, D. Luth, P.M. Cazcarro, and E.C. Brummer 
Heterosis for total dry yield has been shown to exist between Medicago sativa subsp. 
sativa and Medicago sativa subsp. falcata. The objective of this study was to gain a better 
understanding of what morphological and genetic factors were most highly correlated with 
heterosis. We scored random polymorphic markers in nine sativa and five falcata genotypes 
using amplified fragment length polymorphism (AFLP) and simple sequence repeats (SSR). 
Using specific combining ability (SCA) and mid-parent heterosis as measures of heterosis, 
we found that AFLP and SSR markers had low correlations with heterosis. From seventeen 
agronomic and forage quality traits, we developed a morphological distance matrix. The 
morphological distance matrix was significantly correlated with heterosis, specifically with 
the agronomic traits of maturity, regrowth, and fall regrowth. Heterosis was also correlated 
with subspecies. Molecular markers did a poor job of separating the two subspecies, while 
morphological traits did much better. The nature of sativa-falcata heterosis remains 
H. Riday, D. Luth, and E.C. Brummer, Department of Agronomy, Iowa State University, 
Ames, IA 50011; T.A. Campbell, Soybean and Alfalfa Research Laboratory, USDA-ARS, 
Beltsville Agricultural Research Center, Beltsville, Maryland 20705; P.M. Cazcarro, 
Advanced Genetic Research, St. Louis, Missouri, 49731. *Corresponding author 
(xriday@iastate.edu) 
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unknown, but heterosis is highly associated with morphological differences and not with 
random molecular markers. 
INTRODUCTION 
One of the nine proposed germplasm groups introduced into the United States is 
Medicago sativa subsp. falcata (hereafter referred to as "falcata") (Barnes et al., 1977). The 
general geographical distribution of falcata is the northern latitudes of Eurasia. Falcata is 
yellow flowered, tends to have a more decumbent growth habit, and has more winter 
hardiness than Medicago sativa subsp. sativa (hereafter referred to as "sativa") (Lesins and 
Lesins, 1979). Sativa by falcata progeny show good heterosis for dry matter yield (Westgate, 
1910; Waldron, 1920; Sriwatanapongse and Wilsie, 1968; Riday and Brummer, 2001a). 
The distinction between sativa and falcata germplasm is l~ss clear using genetic 
markers. Kidwell (1994) found WISFAL (PI560333; Bingham, 1993), a falcata accession, 
genetically distinct from accessions representing the other eight germplasm groups. Cazcarro 
(2000) studied forty wild alfalfa accessions from across Europe and Asia including twenty 
falcata and twenty sativa accessions from both allopatric and sympatric environments. The 
main factor associated with genetic distances based on AFLP and RAPD markers was 
geographical distance, rather than subspecies; however, morphological data clustered the 
accessions into falcata and sativa groupings. Crochemore et al. ( 1996; 1998) examined 
morphological and RAPD marker data for European and North African, accessions most of 
which were classified as sativa. Many of these sativa accessions, however, had large 
percentages of variegated flowers. Although the morphological clustering created distinct 
clusters, the RAPD markers failed to define those same relationships. 
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Attempts at relating marker heterozygosity between genotypes, as well as within 
genotypes, to heterosis have been made (Bernardo, 1992; Kidwell et al., 1994; Zhang et al., 
1994). Most studies that examined heterozygosity of markers between individuals (i.e., 
genetic distance) show low correlations (Bernardo, 1992). Studies investigating 
heterozygosity of markers within genotypes show strong correlations with heterosis (Kidwell 
et al., 1994; Zhang et al., 1994). Beer et al. (1993) measured morphological distances and 
genetic distances in oats and found a low correlation between the two. Beer et al. (1993) and 
Souza and Sorrels ( 1991) were able to cluster oat varieties based on morphological distances. 
The objective of this experiment was to determine the relationships among yield 
heterosis, genetic distance, and morphological distance for nine sativa and five falcata 
genotypes. Morphological distances was calculated from yield (Riday and Brummer, 200 I a) 
agronomic field data (Riday and Brummer, 2001 b ), and stem forage quality data (Riday et 
al., 2001c) collected on progeny of the parental genotypes. Genetic distances were based on 
amplified fragment length polymorphisms (AFLP) and simple sequence repeats (SSR) 
markers collected from the fourteen parental genotypes. 
MATERIALS AND METHODS 
Plant Materials 
Fourteen genotypes (nine sativa and five falcata) were used as parents in this 
experiment. The nine elite sativa genotypes included AB1408, ABI311, ABI419, and ABl314 
from ABI Alfalfa, Inc. (12351 W. 96 Terrace, Suite 101, Lenexa, KS 66215); C96-514, C96-
673, and C96-513 from Forage Genetics (N5292 S. Gills Coulee Road, West Salem, WI 54669); 
and FW-92-118 and RP-93-377 from Pioneer Hi-bred International (400 Locust Street, Suite 
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800, PO BOX 14453, Des Moines, IA 50306). The five falcata genotypes included WISF AL-4 
and WISF AL-6 from the semi-improved falcata population, WISF AL (PI560333; Bingham, 
1993); C25-6, a semi-improved falcata population developed in Colorado (PI578248; 
Townsend, 1995); and two genotypes visually selected for vigor from plant introductions that 
had been planted in the field near Ames, IA: PI214218-1, derived from an accession collected in 
Denmark in 1954 and PI502453-1, derived from the Russian cultivar Pavlovskaya. Crossing 
parental genotypes, greenhouse work, and field design are described in Riday and Brummer 
(2001a). 
Morphological Traits and Heterosis 
Total biomass yield was measured over two harvests in 1998 and over three harvests in 
1999 (Riday and Brummer, 2001a). During 1999 height, growth habit, maturity, spring 
regrowth, winter survival, vigor, regrowth, and fall regrowth were measured (Riday and 
Brummer, 2001b). The following stem forage quality traits were measured based on three stem 
forage sample collections (October 1998, at Ames; May 1999, at Ames; and May 1999, at 
Nashua): In vitro dry matter digestibility (IVDMD), neutral detergent fiber (NDF), acid 
detergent fiber (ADF), acid determined lignin (ADL), crude protein, hemicellulose, cellulose, 
and leaf/stem ratio (Riday et al., 2001c). 
Our null hypothesis was that there are no agronomic differences between subspecies. 
For each of the seventeen traits, combining ability analysis was used to determine the mean 
effect of each parent (i.e., general combining ability, or GCA) for the trait analyzed. Expected 
mean performance was determined for each parental genotype (i) as: µ + 2GCAi (where i are 
genotypes [l to 14]). 
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Two measures of heterosis were calculated for total biomass yield of each pair-wise 
combination of the fourteen parental genotypes: (i) specific combining ability percentage 
(Griffing, 1956) (SCA%) and (ii) mid-parent heterosis (MP-heterosis). SCA% was determined 
as: 
observed vield ;1· - (µ + GCA; + GCA ,· ) SCA%= · · · xlOO 
µ + GCA; + GCA.i 
Mid-parent heterosis (MP-heterosis) determined as: 
-( parent yield i + parent yield j J observed yield ij 
h 
. 2 
Mid-parent eteros1s = -----------------x 100 
( parent yi,Jd 1 : parent yi,Jd j J 
where, i are genotypes (1 to 14 ), j are the same genotypes (1 to 14 ), and ij are all ninety-one 
pair-wise combinations of the fourteen genotypes. 
SCA% is based on the GCA of parental genotypes, while mid-parent heterosis is based 
on actual parental genotype performance per se. For parental genotype i, the deviation between 
actual parental performance and (µ + 2GCAi) represents "average heterosis". SCA% is a 




DNA was extracted from leaf tissue of the fourteen parental genotypes using procedures 
described in Doyle and Doyle (1989). Some modifications to Doyle and Doyle (1989) were 
made. 3% CTAB buffer was used rather than 2%. Additionally, a second pellet wash in 100% 
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Ethanol with 4M NaCl was performed, and the sample was incubated overnight at -20°C. The 
extra wash was used to further eliminate excessive polysaccharides found. 
Fluorescentlabeled AFLP Markers 
Both fluorescentlabeled and radiolabeled AFLP methods were used (Vos et al., 1995). 
AFLP markers using fluorescent labels were generated using the AFLP Plant Mapping Kit 
(Applied Biosystems, 850 Lindon Centre Dr., Forest City, CA 94404). Selective primer 
EcoRI-ACA was used in combination with selective primers MSE 1-CAG, MSE 1-CTC, and 
MSE 1-CTT primers. The Plant Mapping Kit protocols were followed for amplification. 
Iowa State University DNA Sequencing and Synthesis Facility performed fragment 
separation using automated dideoxy sequencing (Sanger et al., 1977). Sequencing reactions 
were set up using the Applied Biosystems Prism BigDye terminator cycle sequencing kit 
(Applied Biosystems, 850 Lindon Centre Dr., Forest City, CA 94404) with AmpliTaq DNA 
polymerase (fluorescent sequencing). Reactions were electrophoresed on an Applied 
Biosystems Prism 377 DNA sequencer (Applied Biosystems, 850 Lindon Centre Dr., Forest 
City, CA 94404). 
Radiolabeled AFLP Markers 
A modified Vos et al. (1995) was used to generate radiolabeled AFLP markers. 1.5µg 
DNA was digested with Taq I (12.5units, 3h, 65°C) then EcoRl (12.5units, 3h, 37°C). Biotin 
labeled Taq I and EcoRl adapters were added to the digestion and cooled (65°C to 20°C). 
Adapters were ligated (T4 DNA ligase, 4h, 16°C). Biotin labeled fragments were selected. 
Primers(50ng/µl) complimentary to the adapters were used: (i) AFT24 (Taq I-GT 
(5'TGACTCCTGACCGAAGT3')), (ii) AFE22 (EcoRl-ACC (5'CTGCGTTACCAATTC 
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ACC3')), (iii) AFE24 (EcoRl-CTC (5'CTGCGTTACCAATTCCTC3')), and (iv) AFE25 
(EcoRl-ATG (5'CTGCGTTACCAATTCATG)). Taq I primers were end labeled (lµl y33P-
ATP, 0.2µ1 T4 polynucleotide kinase, 1.5µ1 primer; lh, 37°C then lOmin, 70°C). Fragments 
were selectively amplified using PCR reaction mixture: 2µ1 genomic DNA digest, 0.6µ1 AFE, 
0.5µ1 AFT, lµl AFT33P-ATP [5ng], 2µ1 lOX PCR buffer (GIBCO BRL, 9800 Medical Center 
Dr., Rockville, MD 20849), 4µ1 l .25mM dNTP's, 0.6µ1 50mM MgCh, 0.2µ1 Taq polymerase 
(GIBCO BRL, 9800 Medical Center Dr., Rockville, MD 20849), and 20µ1 ddH20. Thirty-six 
PCR cycles were run (cycle regime: 3min at 94°C, 1 min 65°C (-0.7°C/cycle for first 12cyles), 
1 min 30 sec. 72°C) (PCR machine: Perkin-Elmer 9600 thermal cylcer [Perkin-Elmer, 
Wellesley, MA 02481 ]). Reactions were stopped with 16µ1 of STOP buffer (98% formamide, 
10 mM EDTA, 0.25 g L-1 bromophenol blue, and 0.25 g L-1 xylene cyanol) to added to each 
sample. Fragment separation was done on a SequiGen 38x50cm gel apparatus (Bio-Rad 
Laboratories, 1000 Alfred Nobel Drive, Hercules, CA 94547) (running buffer: lOOmM 
Tris/lOOmM Boric acid/2mM EDTA). Gel matrix (6% acrylamide, 9.0M urea in 60mM 
Tris/60mM Boric acid/lmM EDTA) was set using 500µ1 of 10% APS and 100µ1 Terned per 
100ml of gel solution. Denatured (6 min, 95°C; cooled on ice) PCR products (5µ1 per sample) 
were loaded into a pre-run gel (50°C). Gel was run (1800V, 150 amps, for 15 min until 50°C 
again; then 115 amps). Gel was dried at 80°C for lh. Gel was exposed to Kodak X-OMat film 
for about 3 days. 
SSR Markers 
The seven SSR primer pairs used (AFCAl 1, AFCA16, AFCTl 1, AFCT32, AFCT45, 
AFCTTl, and MTLEC2A) were developed by Diwan et al. (1997; 2000). PCR mixtures had 
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a total of 40 µL. Each reaction contained 1 ng DNA template; 1.2 pM primer; 150 µMeach 
of dATP, dCTP, dGTP, dTTP, and 0.06 µL of 3000 Ci mmor1 [ a-32P] dATP; 1.5 mM MgCl; 
1 unit Taq Polymerase (GIBCO BRL, 9800 Medical Center Dr., Rockville, MD 20849); 4 µL 
of 1 OX reaction buffer (20 mM Tris-HCl and 50 mM KCl; pH 8.3); and ddH20. Reaction 
mixtures were overlaid with 0.02 mL mineral oil. The PCR regime was 30 sec. at 94°C, 25 
sec. at 54°C, and 25 sat 68°C for 32 cycles. Reactions were stopped with an equal volume of 
denaturing loading buffer (980 mL L-1 formamide, 10 mM EDTA, 0.25 g L-1 bromophenol 
blue, and 0.25 g L-1 xylene cyanol). Fragment separation was accomplished on an S2 vertical 
sequencing apparatus (GIBCO BRL, 9800 Medical Center Dr., Rockville, MD 20849) using 
a 4% polyacrylamide denaturing gel (3.8% acrylamide [WN], 0.2% N, N' -
methylenebisacrylamide [WN], and 7.5 M Urea) cast with and run in (50 w for 2 h) a IX 
extended-run TBE buffer (135 mM Tris, 45 mM boric acid, and 2.5 mM EDTA). Gels were 
dried for 1 h at 80°C and exposed to Biomax MR film for 18h at -70°C using an intensifier 
screen. Each analysis was replicated three times. 
Computation 
All polymorphic markers generated were used to calculate a similarity matrix (i.e., 
genetic distance matrix) using a Dice coefficient (Nei and Li, 1979). Two additional genetic 
distance matrices were calculated using the Dice coefficient (Nei and Li, 1979): one based 
on AFLP markers only, and one based solely on SSR markers. 
One hundred forty-two similarity matrices were generated for each polymorphic 
marker to determine if heterozygosity for a specific marker between genotypes was 
correlated with heterosis. The similarity matrix for each marker was calculated by inserting a 
0 if the marker was heterozygous in pairwise genotype comparisons and inserting a 1 if the 
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marker was found in both genotypes in pairwise genotype comparisons. If the marker was 
absent in both genotypes in a pairwise genotype comparison, a missing value was inserted 
into the matrix. For every marker, single factor ANOVA was run with mid-parent heterosis 
and SCA% values as the dependent variables and the heterozygosity score (i.e., 0, 1, or 
missing value) as the independent variable. Only markers that were significant at the 0.005 
level were examined. 
Morphological data for each genotype, based on GCA, was z-transformed to 
standardize units in the following way: z-transformation of genotype i for trait x = X; - x 
ax 
A morphological dissimilarity matrix based on all traits was created from the transformed 
data using average taxonomic distance (Sneath and Sokal, 1973). Separate morphological 
dissimilarity matrices were created for each morphological trait using average taxonomic 
distance (Sneath and Sokal, 1973). 
To determine which similarity and/or dissimilarity matrices were highly correlated 
with molecular genetic differences between sativa and falcata genotypes, we created a 
subspecies similarity matrix. In the subspecies similarity matrix, within-subspecies 
comparisons (sativa by sativa crosses and falcata by falcata crosses) were coded 1 and 
between-subspecies comparisons (sativa by falcata crosses) were coded 0. The assumption 
of the subspecies matrix is that all within-subspecies comparisons would show maximum 
similarity (1), while all between-subspecies comparisons would show maximum divergence 
(0). 
To create the SCA% and MP-heterosis dissimilarity matrices, SCA% and MP-heterosis 
values were z-transformed. The transformed heterosis values were then put into a parental pair-
wise comparison matrix. All similarity and/or dissimilarity matrices were compared using 
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correlations. Correlation r-values and their corresponding p-values were calculated using the 
Pearson's correlation coefficient feature of the SAS software package (SAS, 2000). 
Significance of all results were assessed at the 5% probability level unless noted otherwise. 
When a similarity matrix was correlated with a dissimilarity matrix, the sign of the 
correlation was switched. 
The neighbor-joining method (Saitou and Nei, 1987) was used to cluster the fourteen 
genotypes according to genetic distance ( all markers), morphological distance ( all traits), 
SCA%, and MP-heterosis. The neighbor-joining method was used because it tends to 
produce more accurate phylogenic trees than more traditional methods (Kim et al., 1992). 
Genotypes with greater genetic similarity were clustered together, and genotypes that had 
smaller morphological distances or heterosis values were clustered together. We had an 
expectation of two subspecies (falcata and sativa); therefore, we were looking for the largest 
branch point separating falcata and sativa. Dendograms and transformations were calculated 
and visualized using the NTSYS-pc software program (Rolf, 1997). 
RESULTS 
Genetic analysis of the fourteen parental genotypes produced a total of 142 
polymorphic markers (97 polymorphic AFLP bands and 45 polymorphic SSR alleles). 
Seventy polymorphic fluorescentlabeled AFLP bands were generated using the primer 
combinations of EcoRl-ACA with: MSE 1-CAG (44 polymorphic bands), MSE 1-CTC (22 
polymorphic bands), and MSE 1-CTT ( 4 polymorphic bands). Radio labeled AFLPs yielded 
27 polymorphic bands from primer combinations of AFT24 with: AFE22 (25 polymorphic 
bands), AFE24 (1 polymorphic bands), and AFE25 (1 polymorphic bands). A total of 45 
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polymorphic SSR alleles were found. Individual SSR loci yielded polymorphic alleles as 
follows: AFcal 1 (4 alleles), AFca16 (7 alleles), AFctl 1 (4 alleles), AFct32 (9 alleles), AFct45 
(8 alleles), AFcttl (8 alleles), and MTLEC2A (5 alleles). 
Genetic distance based on all markers was not correlated with either SCA% or MP-
heterosis (Table 1 ). Genetic distance generated solely with SSRs was weakly correlated with 
SCA% (r = 0.21, p = 0.049). The AFLP and SSR genetic distance matrices were not correlated 
with each other. The combined marker and AFLP marker matrices were weakly correlated with 
presumed subspecies (r = 0.32, p = 0.002) (Table 1). The dendogram generated from the 
combined marker genetic distance matrix did not cluster parental genotypes according to 
subspecies (Figure IA). Out of 142 marker distance matrices for individual polymorphic 
markers, none were correlated with SCA%. Five matrices were, however, correlated with mid-
parent heterosis (Table 2). EcoRl-ACA/MSE 1-CTTsizel 57 and AFct32sizel 04 markers were 
negatively correlated with MP-heterosis, indicating that when these markers are heterozygous 
between parents, higher mid-parent heterosis was associated with their progeny. EcoRl-
ACA/MSE 1-CAGsize87, EcoRl-ACA/MSE 1-CAGsize67, and MTLEC2Asize225 were 
positively correlated, indicating that when these markers are homozygous between parents, 
higher MP-heterosis was associated with their progeny (Table 2). 
The subspecies matrix and the combined morphological distance matrix were 
correlated (r = 0.55, p < 0.0001). The dendogram generated from the morphological distance 
matrix correctly separated falcata and sativa, with the exception of ABI408 and C25-6, which 
were accorded to the opposite subspecies group (Figure lB). These results are consistent 
with previous studies, which have shown that falcatas and sativas can be easily distinguished 
using morphological traits (Crochemore et al., 1998; Cazcarro, 2000). Specific trait matrices 
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that were highly correlated (r > 0.6, p < 0.001) with the subspecies matrix included maturity, 
regrowth, and fall regrowth (Table 1). Weaker correlations between subspecies and specific 
morphological traits were found for cellulose, height, and growth habit (Table 1 ). 
Morphological distance was not correlated with genetic distance (Table 1 ). 
Molecular marker distance was correlated with the specific morphological traits of height, 
growth habit, maturity, regrowth, and fall regrowth (r = 0.4 ~ 0.5, p < 0.001) (Table 1). The 
AFLP markers alone had a pattern of correlation similar to the combined AFLP/SSR 
markers; this is not surprising since 97 markers were AFLP and only 45 were SSR markers. 
SSR markers alone had weaker correlations with the morphological traits of maturity, vigor, 
fall regrowth, and yield (r = 0.2 ~ 0.3, p < 0.05) (Table 1). 
SCA% was generally more highly correlated with individual traits than was MP-
heterosis (Table 1); however the two heterosis measures were correlated with each other (r = 
0.6, p < 0.001). The SCA% distance matrix was the most highly correlated with subspecies 
(r = 0.63, p < 0.001) of all the matrices. MP-heterosis was less correlated with subspecies (r 
= 0.42, p < 0.001) than were morphological distance and SCA%, but it was more highly 
correlated with subspecies than was genetic distance (Table 1). Both the SCA% and the MP-
heterosis dendograms correctly separated falcata and sativa into separate groups (Figures 1 C 
and lD). SCA% and MP-heterosis were correlated with morphological distance (r= 0.50 p < 
0.001 and r = 0.31, p = 0.004 respectively) (Tablel). SCA% and subspecies had a similar 
correlation pattern with specific morphological traits, but SCA% correlations were about 1/3 
weaker than subspecies (Table 1 ). Mid-parent heterosis had weak correlations (r = 0.2 ~ 0.3, 
p < 0.05) with maturity, spring regrowth, regrowth, fall regrowth, cellulose, and ADF. 
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DISCUSSION 
Heterosis dendograms based on SCA% and MP-heterosis clearly separate falcata and 
sativa into two groups according to subspecies (Figures 1 C and lD). The relationship between 
subspecies and heterosis is further evidence of a falcata-sativa heterotic pattern. The large 
correlation between SCA% and subspecies supports the results of the combining ability analysis 
for yield, which clearly showed a general trend of sativa x falcata crosses displaying positive 
SCA (Riday and Brummer, 2001a). SCA% has a higher correlation with subspecies than MP-
heterosis; this may be a result of MP-heterosis being confounded with the GCA, or "average 
heterosis." SCA are deviations from "average heterosis" and therefore pick up more subtle 
patterns in heterosis, especially if they consistently favor a heterotic pattern. 
Based on our hypothesized assumption of large genetic distances between sativa and 
falcata and the fact that heterosis should be highly related to factors separating falcata from 
sativa, we hypothesized that heterosis would be correlated with genetic distance. Instead we 
found that random molecular markers were poor predictors of heterosis and failed to 
distribute genotypes into correct subspecies groups (Table 1; Figure lA). Some previous 
experiments have shown the difficulty of classifying falcata and sativa subspecies using random 
molecular markers (Crochemore et al., 1996; 1998; Cazcarro, 2000). In this study we did not 
have sufficient information to determine if heterosis was correlated with geographical 
distance. A geographical explanation, however, seems less likely since in many cases falcata 
and sativa are growing together in sympatric environments. We postulated that perhaps 
morphological differences between genotypes caused by geographical separation and 
irrespective of subspecies, may have led to heterosis in their progeny. 
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Regrowth, fall regrowth, and maturity are key morphological traits that define 
differences between sativas and falcatas (Table 1) (Riday and Brummer, 2001 b ). Height and 
growth habit are different between subspecies to a lesser extent (Table I). Also lignin is 
usually associated with differences between falcatas and sativas (Lessen et al., 1991; Julier et 
al., 1996). In this study, however, we found cellulose to be weakly correlated with 
subspecies; of the three cell wall components (hemicellulose, cellulose, and lignin), only 
cellulose was higher in falcata than sativa (Riday et al., 2001c). The relationship between 
cell wall components and growth form remains elusive. Falcata having more cellulose may 
lead to its decumbent nature, and sativa having higher lignin may lead to its erect growth 
habit. 
Differences in correlations of SSR and AFLP markers with morphological traits could 
be due to the different types of markers covering different regions in the genome. Because 
the SSRs were correlated with yield, vigor, and SCA%, it is possible that some of the SSR 
markers are on QTL associated with yield. This led us to test individual markers for 
association with heterosis. No markers were correlated with SCA%, although EcoRl-
ACA/MSE l-CTTsizel57 had a p-value of 0.0093. Since it appears that SCA% is highly 
correlated with subspecies, only a marker that would differentiate between sativa and falcata 
genotypes should be significant; EcoRl-ACA/MSE 1-CTTsizel57 appears to be such a 
marker. The marker is present in all sativa genotypes but two and is not present in any 
falcata genotypes. AFct32size104 and MTLEC2Asize225 were SSR markers correlated with 
MP-heterosis. Though this analysis was exploratory, and the inference space is limited to 
these fourteen individuals, it would be interesting to see where these markers map. On both 
the diploid and tetraploid linkage maps, AFct32 and MTLEC2A map to the lower arm of 
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linkage group two (Diwan et al., 2000). The two markers are approximately 12 centimorgans 
apart on the diploid maps and 7.3 centimorgans apart on the tetraploid map (Diwan et al., 
2000). 
The genotypes used in this study represent only a fraction of the total alfalfa 
germplasm. The sativa germplasm used represents United States elite-dormant moderately 
dormant breeding material. The falcata germplasm is derived from semi-improved 
germplasm, with the exception of PI-214218-1, which is slightly variegated. To more 
thoroughly test relationships found in this study, germplasm from more diverse and 
unimproved falcata sources should be tested. It is unclear if heterosis is directly linked with 
the physiological traits of maturity and regrowth, or if maturity and regrowth are associated 
with certain growing conditions and/or geographical isolation of the germplasm. In other 
words, we question whether the heterosis is due to geographical isolation (i.e., distinct gene 
pools) between falcata and sativa, or is it due to the morphological adaptative features of 
falcata to more northern latitudes, shorter summers, and different day-length periods as 
compared to mid-latitude material that results in heterosis. Both factors would lead to the 
development of unique sets of genes that, when combined, could result in heterosis. It is 
likely that geographical isolation and morphological adaptation are confounded and both 
contribute to heterosis. 
Another uncertainty lies in defining the falcata subspecies. Many falcata and wild sativa 
accessions can be distinguished from each other only by their flower color. If some falcata 
germplasm is actually not genetically different from sativa germplasm, and it is the differential 
of regrowth rates or maturity that determines heterosis, than this type of heterosis would be 
more difficult to use in an agricultural setting. Though we can see ample evidence of heterosis 
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by measuring MP-heterosis values, until we find an explanation for the increased combining 
ability in sativa-falcata crosses the heterotic pattern will remain elusive. 
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Table 1. Correlations between heterosis (specific combining ability [SCA%] and 
mid-parent heterosis [MP-beterosis]) of alfalfa (M. sativa L.) total biomass yield, 
genetic distance (based on AFLP and SSR molecular markers from nine Medicago 
saliva subsp. sativa and five subsp. falcata genotypes), and morphological distance 
(based on alfalfa [i] stem forage quality traits of in vitro dry matter digestibility 
[IVDMD], neutral detergent fiber [NDF], acid detergent fiber [ADF], acid detergent 
lignin [ADL], hemicellulose, cellulose, crude protein, and leaf/stem ratio [ii] 
agronomic field traits of height, growth habit, maturity, vigor, winter survival, 
























































































































* * * , * *, * significant at the 0.001, 0.01, and 0.05 level of probability 















































Table 2. Individual polymorphic molecular markers of nine Medicago saliva subsp. saliva and five subsp.falcala 
genotypes showing significant correlations with mid-parent heterosis of alfaflfa total biomass yield (based on the 
progeny of a diallel cross of the fourteen genotypes used to generate the polymorphic markers molecular markers). 
Sativa Geno~ Falcata Genotypes Mid-Parent Heterosis SCA¾ 
,,-., ,,-., 
00 t"- s:::t" \0 ...... ...... i::b i::b ...... s:::t" 00 0'-1 M s:::t" M - t"- I I I I .g 1= .g 1= - - 0 - - - t"- - M ....:l ....:l \0 00 M 11) 11) ...... V") ;::i ;::i Marker M M s:::t" s:::t" V") V") \0 I I < < V) ~ 11) ~ 11) - - - - I I I N M ti.. ti.. N s:::t" v "G ~ v "G ~ co co co co \0 \0 \0 O'I O'I N s:::t" N ;;,. ;;,. O'I O'I O'I ~ I r./'J r./'J u ...... 0 t:: !P I t:: !P I < < < < u u u ~ - - N V") 0~ 0... 0~ 0... ~ ~ - - u g u g ti.. 0.. 0.. u u 
EcoRl-ACA/MSE 1-CTTsize 157 1 0 1 1 1 1 1 0 1 0 0 0 0 0 -0.494t < 0.0001 -0.309 0.0093 
EcoRl-ACA/MSE 1-CAGsize87 0 1 1 1 1 0 0 1 0 1 1 1 0 0 0.519t < 0.0001 0.086 0.4608 
EcoRl-ACA/MSE 1-CAGsize67 1 1 1 1 1 1 0 1 1 1 1 1 1 1 0.357 0.0005 -0.008 0.9389 
MTLEC2Asize 104 0 1 1 0 1 0 0 1 0 0 1 1 0 0 0.381 0.0021 0.122 0.3391 
AF ct3 2size225 1 0 1 1 0 1 0 1 1 0 0 1 1 0 -0.313 0.0045 -0.176 0.1167 
1 - Marker is present 
0 - Marker is absent 
Correlations are based on comparisons of the heterozygosity or homozygosity of a marker between genotype pairs and the mid-parent heterosis and 
SCA¾ values of the progeny of that genotype pair. 
t Negative (r) -If the marker is present in one genotype in a genotype pair but not the other genotype increased heterosis is seen in their progeny 
compared to genotype pairs that both have the marker. 
t Positive (r) - If the marker is present in a genotype pair both parents than increased heterosis is seen in their progeny compared to genotype pairs 
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Figure 1. Neighbor-Join Dendograms of: A) genetic distance B) morphological 
distance C) SCA% D) mid-parent heterosis 
Sativa: ABI408, ABI311, ABI419, C96-514, C96-673, C96-513, FW-92-118, RP-93-377 
Falcata: WISFAL-4, WISFAL-6, C25-6, PI214218-1, PI502453-1 
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CHAPTER 6: WITHIN AND BETWEEN SUBSPECIES CORRELATIONS OF 
FORAGE QUALITY, AGRONOMIC TRAITS, YIELD, HETEROSIS AND GENETIC 
DISTANCE 
A paper to be submitted to Euphytica 
H. Riday*, and E.C. Brummer 
Crosses between Medicago sativa subsp. sativa and subsp. falcata show a heterotic 
pattern for total biomass yield with inter-subspecific crosses outperforming intra-subspecific 
crosses. Many agronomic field traits in sativa-falcata hybrids display mid-subspecies 
heterosis. Dominance is seen for some stem fiber traits in sativa-falcata hybrids at the 
subspecies level, with the subspecies that has higher stem fiber levels being dominant in 
inter-subspecific crosses. The objective of this study was to examine correlations between 
twenty traits, at the inter-subspecific and intra-subspecific level, falling into the various trait 
categories of total biomass yield, total biomass yield heterosis, agronomic field traits, forage 
quality traits, and genetic distance. Using a di all el crossing scheme nine sativa and five 
falcata genotypes were crossed. Progeny means of the 91 crosses were calculated based on 
field data collected in 1998 and 1999 at two locations in Iowa. Forage quality traits were 
highly correlated with each other, which is supported by previous research. Correlations that 
differed between inter-subspecific and intra-subspecific groupings were fall regrowth vs. 
height; growth habit vs. hemicellulose, yield vs. maturity, specific combining ability vs. 
maturity, mid-parent heterosis vs. growth habit; and mid-parent heterosis vs. fall regrowth. 
Although, many correlations were similar to those found from previous research, correlations 
H. Riday and E.C. Brummer, Department of Agronomy, Iowa State University, Ames, 
IA 50011. *Corresponding author (xriday@iastate.edu) 
108 
differing between SFC, SSC, and FFC suggest differing sets of genes and gene interactions in 
the three groupings. 
INTRODUCTION 
One of the nine proposed germplasm groups introduced into the United Sates is 
Medicago sativa subsp. falcata (hereafter referred to as "falcata") (Barnes et al., 1977). 
F alcata are yellow flowered alfalfa plants that tend to have more decumbent growth habit, 
and are more winterhardy and are geographically distributed in more northern latitudes of 
Eurasia (Lesins and Lesins, 1979). Falcata show good heterosis for dry matter yield in 
crosses with Medicago sativa subsp. sativa (hereafter referred to as "sativa") (Westgate, 
1910; Waldron 1920; Sriwatanapongse and Wilsie, 1968; Riday and Brummer, 2001a). For 
breeding purposes, it is important to understand how various traits of a plant are related to 
each other. 
An easy way to explore relationships of traits with each other is using genotypic or 
phenotypic correlations. Some work has been done examining trait correlations in very 
diverse germplasm which many times included falcata. Traits examined were for forage 
quality and crown characteristics (Marquez-Oritz, 1996; Jung et al., 1997; Fonseca et al., 
1998). In our study we were particularly interested in seeing if correlations of traits in sativa 
by falcata crosses (SFC) were behaving differently than correlations of intra-subspecific 
crosses. One early study by Burton ( 193 7) looked specifically at correlations between a 
hairy Peruvian and falcata cross. Most of the correlations were from greenhouse 
measurements in Burton's study, and he did not compare his correlations with intra-
subspecific crosses. 
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Our objective was to determine correlations between the traits of total forage biomass 
yield (hereafter referred to as "yield"), specific combining ability (%) of yield, mid-parent 
heterosis of yield, winter survival, spring regrowth, vigor, growth habit, height, maturity, 
regrowth, fall regrowth, stem in vitro dry matter digestibility (IVDMD), stem neutral 
detergent fiber (NDF), stem acid detergent fiber (ADF), stem acid detergent lignin (ADL), 
stem crude protein, stem hemicellulose, stem cellulose, leaf/stem ratio, and genetic distance 
(between parental genotypes). For these twenty traits we also wanted to compare 
correlations among sativa by sativa crosses (SSC), sativa by falcata crosses (SFC), and 
falcata by falcata crosses (FFC). 
MATERIALS AND METHODS 
Plant Materials 
Fourteen genotypes (nine sativa and five falcata) were used as parents in this 
experiment. The nine elite sativa genotypes included ABI 408, ABB 11, ABI 419, and ABI314 
from ABI Alfalfa, Inc. (12351 W. 96 Terrace, Suite 101, Lenexa, KS 66215); C96-514, C96-
673, and C96-513 from Forage Genetics (N5292 S. Gills Coulee Road, West Salem, WI 54669); 
and FW-92-118 and RP-93-377 from Pioneer Hi-bred International (400 Locust Street, Suite 
800, PO BOX 14453, Des Moines, IA 50306). The five falcata genotypes included WISFAL-4 
and WISFAL-6 from the semi-improved falcata population, WISFAL (PI560333; Bingham, 
1993); C25-6, a semi-improved falcata population developed in Colorado (PI578248; 
Townsend, 1995); and two genotypes visually selected for vigor from plant introductions that 
had been planted in the field near Ames, IA: PI214218-1, derived from an accession collected in 
Denmark in 1954 and PI502453-1, derived from the Russian cultivar Pavlovskaya. Crossing 
110 
parental genotypes, greenhouse work, and field design are described in Riday and Brummer 
(2001a). 
Morphological Traits and Heterosis 
Total biomass yield was measured over two harvests in 1998 and over three harvests in 
1999 (Riday and Brummer, 2001a). During 1999 height, growth habit, maturity, spring 
regrowth, winter survival, vigor, regrowth, and fall regrowth were measured (Riday and 
Brummer, 2001 b ). The following stem forage quality traits were measured based on three stem 
forage sample collections (October 1998, at Ames; May 1999, at Ames; and May 1999, at 
Nashua): In vitro dry matter digestibility (IVDMD), neutral detergent fiber (NDF), acid 
detergent fiber (ADF), acid determined lignin (ADL ), crude protein, hemicellulose, cellulose, 
and leaf/stem ratio (Riday et al., 2001c). Genetic distance was calculated from a similarity 
matrix generated using a dice coefficient (Nei and Li, 1979) based on 97 amplified fragment 
length polymorphisms (AFLP) and 45 simple sequence repeats (SSR) collected from the 
fourteen parental genotypes used in the diallel cross to produce the 91 progeny groups (Riday et 
al., 2001d) 
Two measures of heterosis were calculated for yield of each pair-wise combination of 
the fourteen parental genotypes: (i) specific combining ability percentage (Griffing, 1956) 
(SCA%) and (ii) mid-parent heterosis (MP-heterosis ). SCA% was determined as: 
observed yield iJ - (µ + GCA ; + GCA J ) 
SCA% = -------------x 100 
µ+GCA; +GCA.i 
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Mid-parent heterosis (MP-heterosis) determined as: 
Mid-parent heterosis 
-( parent yield i + parent yield j J 
observed yield ij 
2 = ------,--------------:----~ X 100 
( parent y;e1d; : parent y;efd 1 J 
where, i are genotypes (1 to 14), j are the same genotypes (1 to 14), and ij are all ninety-one 
pair-wise combinations of the fourteen genotypes. 
SCA% is based on the GCA of parental genotypes, while mid-parent heterosis is based 
on actual parental genotype performance per se. For parental genotype i, the deviation between 
actual parental performance and (µ + 2GCAi) represents "average heterosis". SCA% is a 
deviation from "average heterosis", while MP-heterosis includes "average heterosis" and 
SCA%. 
Computation 
The twenty traits measured were compared using r-values calculated using Pearson's 
correlation coefficient for FFC, SFC, and SSC, and all cross groups combined. For every 
correlation in each of the four data sets, 95% confidence intervals were generated using 200 
bootstrap samples (Weir, 1996). Pearson's correlations and bootstrapping were calculated 
using SAS statistical software package (SAS, 2000). The sign of r-values was reversed for 
correlations involving genetic distance, so that positive r-values indicate that as genetic 
distance increases the correlated trait's value increases as well. The correlation signs were 
also switched for winter survival so that positive correlations show that as other traits 
increase the winter survival increases. All correlations reported in this paper are phenotypic 
correlations. 
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RESULTS AND DISCUSSION 
Stem Forage Quality Traits 
Stem forage quality traits of IVDMD, NDF, ADF, and ADL were highly correlated (r 
- 0. 75 to 0.99) (Table 1 ). Crude protein was negatively correlated with fiber traits (r - -0.26 
to -0.49) (Table 1). Leaf/Stem ratio was not correlated with any stem forage quality traits 
(Table 1 ). Cellulose was positively correlated with other stem fiber quality traits and 
negatively correlated with digestibility and crude protein (Table 1 ). Stem forage quality 
traits rarely exhibit genotype by environment interaction so it is not surprising that 
correlations are similar to those reported in other studies (Julier et al., 1996; Jung et al., 1997; 
Fonseca et al., 1999). 
Agronomic Field Traits 
Based on alfalfa dormancy class ratings, we expected tall erect plants to have faster 
regrowth, mature faster, be less dormant, and have less winter survival. In our study height 
and growth habit were highly correlated with each other. Height and growth habit were 
positively correlated with regrowth and maturity, as expected (Table 2). Maturity and 
regrowth measures were positively correlated (i.e., faster regrowing plants mature faster) 
(Table 2). Vigor was correlated with winter survival and spring regrowth (Table 2). Since 
these three measures were taken during the spring of 1999, it was probable that spring 
recovery traits would contribute to vigor. Winter survival was weakly associated with slower 
maturity and slower regrowth; this would be expected since most falcata have good 
winterhardiness, slower regrowth, and slower maturity (Riday and Brummer, 2001 b) (Table 
2). 
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Spring regrowth was not as strongly correlated with fall regrowth and regrowth as 
they were with each other (Table 2). Spring regrowth was strongly correlated with winter 
survival, while regrowth was negatively correlated with winter survival. The varying 
correlations of winter survival with different regrowth measures could have occurred because 
spring regrowth and other regrowth measures (i.e., regrowth and fall regrowth) are controlled 
by different unlinked loci (Brummer et al., 2000). 
Stem digestibility was negatively correlated with growth habit and height, an expected 
relationship. Stem fiber levels affect stem digestibility, while plant height is affected by 
regrowth. Therefore the correlations between stem fiber, regrowth, and digestibility are not 
surprising. The capacity to produce more lignin (ADL ), a sativa trait, seems to be associated 
with better regrowth, fall regrowth, and more rapid maturity, as opposed to the ability to 
produce more cellulose, a falcata trait, which is negatively correlated with regrowth, fall 
regrowth, and maturity (Riday et al., 2001 c ). 
Total Biomass Forage Yield, Heterosis, and Genetic Distance 
Increased specific combining ability (%) (SCA%) was very highly correlated with 
increased yield (r = 0.8) (Table 3). SCA% in most cases correlated with the same traits that 
are correlated with yield (i.e., height, vigor, spring vigor, NDF) (Table 3). MP-heterosis had 
a lower correlation with yield. In other studies MP-heterosis was found to be a poorer 
predictor of the sativa-falcata heterotic pattern (Riday et al., 2001d). MP-heterosis may have 
had lower correlations with yield and the sativa-heterotic pattern than SCA%, because MP-
heterosis captures additional heterotic effects unique to each parental genotype (i.e., [µ + 
2GCA] - parental genotype mean). 
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Vigor and height were correlated with heterosis (Table 2). This would be expected 
because hybrid vigor often leads to more robust bigger plants (Hallauer and Miranda, 1988). 
During spring harvest of 1 999 the most dramatic cases of heterosis were seen (Riday and 
Brummer, 2000a). The correlation of spring regrowth and winter survival with SCA% shows 
that robust spring recovery is a feature associated with sativa-falcata hybrids. The dramatic 
heterosis seen in the spring may also account for the correlations between yield and spring 
measured traits (i.e., winter survival, spring regrowth, and vigor). Yield was also associated 
with increased height, stem forage fiber, and decreased stem digestibility, which is expected 
(Burton, 193 7). 
Stem cellulose was directly correlated with SCA% (Table 3). It is unclear if the 
mechanisms responsible for stem cellulose levels are linked to heterosis. Cellulose of all the 
forage quality traits is most often associated with the sativa-falcata heterotic pattern. 
Differing cellulose levels between parental genotypes was correlated with increased SCA% 
(Riday et al., 2001d). Stem cellulose in general behaved differently than hemicellulose and 
lignin in correlations (Table 2; Table 3), as well as between subspecies (PFC which have 
lower NDF levels than SSC, have more cellulose than SSC) (Riday et al., 2001c). 
A correlation between genetic distance and field traits indicates that as genetic 
distance decreases, height, growth habit, maturity, regrowth, and fall regrowth increase. 
These results may be an artifact of the experiment since much of the taller, faster regrowing 
parental genotypes were much more related than the decumbent slower growing germplasm. 
These results are also anomalous since genetic distance was not correlated with heterosis or 
yield, and only weakly correlated with subspecies (Riday et al., 2001d). 
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Correlation Comparisons between Inter-Subspecific and Intra-Subspecific Crosses 
Comparison of correlations between SSC, SFC, and FFC revealed 35 correlations that 
differed between one or more of the cross groups. Using scatter plots to visualize these 35 
correlations, six were thought to show true differences between the cross groups (Table 4). 
These six correlations had radically different scatter plot patterns for one or more of the three 
cross-type groups. SSC and FFC have correlations in the opposite direction, while SFC has 
no correlation for the following trait-pairs: Growth habit vs. hemicellulose, MP-heterosis vs. 
growth habit, and MP-heterosis vs. fall (Table 4; Figure lB; Figure 3). Yield vs. maturity 
and SCA% vs. maturity have negative correlations for SFC, and no or low positive 
correlations with SSC and FFC (Table 4; Figure 2). In these two cases it appears that 
heterosis and yield increase with slower maturity of the hybrid, while the overall trend in 
within subspecies crosses show yield and heterosis decreasing with slower maturity. Fall 
regrowth vs. height show SSC and FFC with positive correlations, which is what we 
expected. Generally plants with more fall regrowth (i.e. less dormancy) will be taller (Table 
4, Figure lA) (Brummer et al., 2000). Of special interest is that SFC crosses have no 
correlation between fall regrowth and height. Low or no correlation for fall regrowth and 
height in very wide crosses has been indicated by other studies (Brummer et al., 2000). 
Holistic View of Sativa-Falcata Heterotic Pattern 
We hypothesized that falcata and sativa have different suites of genes that regulate 
dormancy (i.e. winter survival, spring regrowth, regrowth, and fall regrowth), maturity, and 
growth habit (i.e. height, basal vs. apical growth, and stem thickness). Stem forage quality, 
specifically cell wall components, is reflected by the growth form of the plant (Table 2). 
Genes regulating cell wall components may be confounded with regulation of morphological 
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features of plant growth form. The collective effect of differing sets of genes commg 
together in sativa-falcata hybrids has the effect of increased fitness of the hybrid (Hallauer 
and Miranda, 1988). 
Correlations that radically differ between SSC, FFC, and SFC offer further evidence 
of the existence of independent suites of genes. Intriguing are the results found in Figure 2A 
and 2B. One would intuitively expect that slower maturing plants would have less yield, 
which was what is seen for FFC and SSC combined. In SFC, SCA% and yield increased 
with slower maturity, these correlations were visually noted from field observations as well 
(unpublished, 1999). We concluded that the slower time to maturity allows SFC to keep 
increasing its robust biomass due to the combination of superior parental morphological 
features. 
The main difficulty with complex interactions in plants is measuring these complex 
interactions and at the same time retaining a holistic view of the plant. Our data and other 
analyses show the basis of heterosis to be a complex picture (Riday and Brummer, 2000a, 
2000b, 2000c, and 2000d). These observations supported hypotheses we developed based on 
traits we have observed. However, we were unaware of many of these relationships before 
conducting this experiment. Future experiments need to be conducted to test various 
correlated relationships specifically. Due to the complexity of the situation, a holistic view 
should be retained. 
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Table 1. Alfalfa (M. saliva L.) forage stem correlations of in vitro dry matter digestibility (IVDMD), neutral detergent 
fiber (NDF), acid detergent fiber (ADF), and acid detergent lignin (ADL), crude protein, leaf/stem ratio, hemicellulose, 
and cellulose base on forage samples collected in three Iowa environments (October, 1998, at Ames; May, 1999, at 
Ames; May, 1999, at Nashua). 
NDF ADF ADL Crude Protein Leaf/Stem Hemicellulose Cellulose Ratio 
IVDMD -0.83(-0.87I-0.78)t -O. 75(-0.811-0.67) -O. 98(-0.981-0.97) 0 .44 (0.2710.63) ns -0 .49(-0.631-0.35) -0.51 (-.0641-0,39) 
NDF 0.95(0.9310.97) 0_74(0.6610.81) -0 .46(-0.601-0.30) ns 0.4 i0.3110.60) 0.85(0.8010.89) 
ADF 0.66(0.5610.74) -0 .34 (-0.511-0.17) ns ns 0.95(0.9310.97) 
ADL -0.36(-0.551-0.18) ns 0.4 i0.3510,62) 0 .3 9(0.2510.52) 
Crude Protein ns -0.49(-0.631-0.37) -0.26(-0.421-0.10) 
Leaf/Stem Ratio ns ns 
Hemicellulose ns 
t 95% Confidence interval parenthesis based on 200 bootstrap samples. 
......... 
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Table 2. Alfalfa (M. saliva L.) correlations of height, growth habit, maturity, vigor, winter survival, spring regrowth, 
regrowth, fall regrowth, in vitro dry matter digestibility (IVDMD), neutral detergent fiber (NDF), acid detergent fiber 
(ADF), and acid detergent lignin (ADL), crude protein, leaf/stem ratio, hemicellulose, and cellulose. Data for traits were 
collected at two Iowa locations (Ames and Nashua) over two years (1998 and 1999). 
Height Growth Maturity Vigor Winter Spring Fall Habit Survival Regrowth Regrowth Regrowth 
Growth Habit O. 82(0. 1410.ss)t 
Maturity 0 .48<0.3010.63) 0 _5 ieo.35I0.67) 
Vigor ns ns ns 
Winter Survival ns ns -0.21 (-0.4010.00) 0.60(0.4910.70) 
Spring Regrowth 0.56(0.3810.71) 0.50(0.3010.64) 0.39(0.2110.57) 0.39(0.1210.54) 0.48(0.2810.64) 
Regrowth 0.69(0.5910.78) 0. 76(0.6610.83) O. 7 io.68I0.84) ns -0.21 (-0.441-0.01) 0.53(0.3710.68) 
Fall Regrowth 0.62(0.4710.76) 0. 7i(0.600l.8l) 0. 7 5(0.6710.83) ns ns 0. 6i0.4 710. 73) 0.90(0.8710.93) 
IVDMD -0.61 (-0.721-0.42) -0.58(-0.681-0.42) -0.23(-0.40!0.03) ns ns _0 _24 <-0Ao1-o.03) _0 .3 o<-0.011-0.48) _0 . 3 0 c-oA91-o.14) 
NDF 0.28(0.0910.44) 0.2i0.0810.46) ns 0 .2 ieo.OOI0.43) ns ns ns ns 
ADF ns 0.21 (0.0310.36) ns ns ns ns ns ns 
ADL 0.63(0.49J0.76) 0.63(0.4610.73) 0.30(0. 1010.46) ns ns 0.30(0.1010,50) 0.39(0.1610.55) 0. 40(0.1810.57) 
Crude Protein -0.2i-0.44I-O. IO) _0 _28(-0.471-0.10) ns ns _0 .21 <-0.44J-o.o5) _0 _30<-o.461-0.11) ns ns 
Leaf/Stem Ratio ns 0 .26(0.0310.41) 0 .26(0.0510.44) ns ns ns 0 .3 9(0.2010.56) 0.4io.2110.58) 
Hemicellulose 0.3 8(0.2010.55) 0 .24 (0.0610.42) ns ns ns 0.24(0.0110.44) 0.21 (0.0010.41) ns 
Cellulose ns ns -0.36(-0.521-0.12) 0.24 (0.02J0.39) 0 .21 (-0.0310.40) ns -0.41 (-0.571-0.20) -0.31 (-0.481-0.07) 





Table 3. Alfalfa (M. sativa L.) correlations of total forage biomass yield, yield 
specific combining ability (%) (SCA%), yield mid-parent heterosis (MP-heterosis), 
genetic distance (based on parental genotypes), height, growth habit, maturity, vigor, 
winter survival, spring regrowth, regrowth, fall regrowth, in vitro dry matter 
digestibility (IVDMD), neutral detergent fiber (NDF), acid detergent fiber (ADF), 
and acid detergent lignin (ADL), crude protein, leaf/stem ratio, hemicellulose, and 
cellulose. Data for traits were collected at two Iowa locations (Ames and Nashua) 
over two years (1998 and 1999). 
Yield %SCA %MP-heterosis Genetic Distance 
%SCA 0.80(0.2110.99)t 
%MP-heterosis 0.49(0.3810.62) 0.59(0.4810.70) 
Genetic Distance ns ns ns 
Height 0.3 i0.1210.54) 0.35(0.0910.51) 0 .26(0.0510.44) -0.50(0.3110.68) 
Growth Habit ns ns ns -0.55(0.4110.71) 
Maturity ns ns ns -0.3 i0.1810.53) 
Vigor 0. 7 4 (0.6510,82) 0.6i0.5010.73) 0.26(0.0610.44) ns 
Winter Survival 0.28(0.1210.45) 0.34 (0.1710.52) ns 0 .25(0-4410.03) 
Spring Regrowth 0 .2 i0.0310.48) 0.30(0.0210.46) ns -0.25(-0.0110.50) 
Regrowth ns ns ns -0. 54 (0.3510.68) 
Fall Regrowth ns ns ns -0 .46(0.2610.65) 
IVDMD -0.21 (-0.4310.02) ns ns 0.28c-o.461-o.11) 
NDF 0.29(0.0910.48) 0 .23 (0.0310,41) ns ns 
ADF 0.2io.0210.44) ns ns ns 
ADL ns ns ns -0.34(0.1610.50) 
Crude Protein ns ns 0 .26(0.0410.43) ns 
Leaf/Stem Ratio ns ns -0.33 (-0.511-0,13) ns 
Hemicellulose 0.29(0.1010.49) ns ns ns 
Cellulose ns 0.21 (0.0510.48) ns ns 
t 95% Confidence interval in parenthesis based on 200 bootstrap samples. 
Table 4. Alfalfa (M. saliva L.) trait correlations that differ between sativa by sativa crosses (SSC), sativa by falcata 
crosses (SFC), and falcata by falcata crosses (FFC): fall regrowth vs. height, growth habit vs. hemicellulose, total forage 
biomass yield vs. maturity, specific combining ability (%) (SCA%) vs. maturity, mid-parent heterosis (MP-heterosis) vs. 
growth habit, and MP-heterosis vs. fall regrowth. Based on field data collected from two Iowa locations (Ames and 
Nashua) over two years (1998 and 1999) 
Fall Regrowth Growth Habit Yield SCA% MP-Heterosis MP-Heterosis 
Correlation vs. vs. vs. vs. vs. vs. 
Height Hemicellulose Maturity Maturity Growth Habit Fall Regrowth 
Sativa x Sativat 0.33b 0.40a 0.03a 0.29a -0.32a -0.31 b 
Sativa x Falcata -o.05ab -0.02ab -0.59b -0.28b 0.17b 0.09b 
F alcata x F ale a tat 0.62a -0.70b O. l 7ab 0.54ab 0.63c 0.77a 
All Crosses§ 0.62 0.24 -0.03 0.11 0.02 -0.04 
95% confidence intervals for correlation comparisons based on 200 bootstrap samples. 
t SSC and SFC correlations greater than ±0.25 are significant. 
t FFC correlations greater than ±0.60 are significant. 
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Figure 1. · A) Graph of fall regrowth against height. B) Graph of growth habit 
against hemicellulose. Sativa by sativa (SSC), sativa by falcata (SFC), falcata by 
falcata (FFC) measures taken at two Iowa locations (Ames and Nashua) over two 




CHAPTER 7: GENERAL DISCUSSION 
Background 
The main objective of this thesis was to determine if a heterotic pattern existed for 
total forage biomass yield between elite Medicago saliva subsp. saliva germplasm (hereafter 
referred to as "sativa") and Medicago saliva subsp. falcala germplasm (hereafter referred to 
as "falcata"). These studies are part of a larger effort to improve falcata germplasm per se 
(Brummer et al., 1997) as a possible heterotic group to be used in a semi-hybrid breeding 
scheme (Brummer, 1999). Since yield is not the only trait of importance in alfalfa breeding, 
we examined agronomic field performance and stem forage quality of inter-subspecific and 
intra-subspecific crosses between sativa and falcata. 
Experiment Overview 
Nine sativa and five falcata genotypes were crossed in a Diallel and progeny were 
planted at two Iowa locations (Ames and Nashua) in May 1999. Yield data was collected 
over two Iowa locations (Ames and Nashua) across two years (1998 and 1999). In 1998 
harvests were taken in August and October, while in 1999 harvests were taken in May, July, 
and September. 
In addition to yield and heterosis of total biomass yield, we examined the agronomic 
field traits and stem forage quality traits. The agronomic field traits examined were winter 
survival, spring regrowth, vigor, growth habit, height, maturity, regrowth, and fall regrowth. 
Agronomic field traits data was collected during the 1999 growing season. The stem forage 
quality traits examined were in vitro dry matter digestibility (IVDMD), neutral detergent 
fiber (NDF), acid detergent fiber (ADF), acid detergent lignin (ADL), hemicellulose, 
cellulose, crude protein, and leaf/stem ratio. Stem forage quality traits were based on sub-
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samples taken from three Iowa environments (October 1998, Ames; May, 1999, Ames; and 
May, 1999; Nashua). 
We probed DNA from the fourteen parental genotypes for polymorphic molecular 
markers using amplified fragment length polymorphisms (AFLP) and simple sequence 
repeats (SSR). Based on molecular markers, genetic distance was calculated between each 
parental genotype. In addition to genetic distance, morphological distance, based on 
agronomic field and stem forage quality trait data, was calculated between each parental 
genotype. 
General Results 
Sativa-falcata hybrids on average exhibited 18% heterosis. Heterosis was best 
visualized by graphing observed versus expected yield based on combining ability analysis 
(Griffing, 1956) for yield (Figure 1, pg. 43, Chapter 2). Frequently sativa by falcata crosses 
(SFC) were observed that outperformed sativa by sativa crosses (SSC) and falcata by falcata 
crosses (FFC). 
Agronomically, sativa-falcata hybrids were intermediate to their parental subspecies 
with an advantage over the mid-subspecies mean ranging between 4-12% for winter survival, 
spring regrowth, vigor, maturity, and height. Growth habit and regrowth showed no 
deviations from the mid-subspecies mean, while fall regrowth displayed a -5% deviation 
from the mid-subspecies mean. Because we grew these plants in widely spaced rows, an 
unanswered question that remains is whether this heterosis would translate into normal field 
conditions. A related question is whether the decumbent nature of SFC would lead to lower 
yields in sward plots. A major weakness of unadapted material and particularly falcata 
germplasm is its slow regrowth. Would a more intensive cutting scheme eliminate the 
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heterosis displayed? This experiment was conducted over two years and two locations. It is 
unknown if heterosis is exhibited in established sativa-falcata hybrid stands that are three 
years or older. Future research could address many of these unanswered questions. 
Stern forage quality does not seem to present a problem since the two gerrnplasrns 
were not too far apart in their quality. The sativa-falcata hybrids at the subspecies level, 
however, were equivalent to the parental subspecies that had higher cell wall components. 
This led to an overall 2% increase in NDF and ADF over the mid-subspecies mean and 
translated into a -1 % decline in digestibility. In sativa-falcata hybrids, crude protein and 
leaf/stern ratio performed slightly below the mid-subspecies mean. 
The cause of sativa-falcata hybrid heterosis remains somewhat unclear. Based on 
SCA% comparisons it is clear that SFC are displaying heterosis above and beyond the 
normal heterosis based on mid-parent heterosis calculations. Genetic distance was not 
correlated with heterosis and morphological distance; however, between parental genotypes 
morphological distance was correlated with heterosis (r = 0.5, p < 0.001 ). It is unclear if the 
morphological differences are the cause of the heterosis or whether they are just associated 
with other factors that cause heterosis. Based on field observations as well stern forage 
quality analyses, it appears that hybrids are taking on many aspects of their parental 
subspecies in a "dominant" manner and not just in an intermediate form. This dominance is 
not observed at the individual cross level but only at the subspecies level, indicating that the 
effects are small or are the cumulative effect of many dominant or partially dominant alleles 
that have differing frequencies between subspecies. 
The traits of maturity, various forms of regrowth, and cellulose were often associated 
with heterosis. Since "yield" is dependent upon total above ground biomass it would make 
129 
sense that "yield" genes may not be causing the heterosis but traits that influence the growth 
form of the plant. 
A subject not covered in this thesis is heterozygosity of individuals related with 
heterosis, or the mapping of specific "heterosis" QTL's. Heterozygosity, "linkates", and or 
QTL' s would be a more classical way of trying to explain heterosis. From the genetic 
distance study, specific loci were isolated that were correlated with heterosis, specifically two 
SSR loci that have been mapped to the lower half of linkage group two, and which are about 
ten to twelve centimorgans apart. In future studies it would be interesting to see which 
specific QTL' s or genes are in this area of the genome and which traits they are associated 
with. It would also be interesting to see if these as regions are different between the 
subspecies of sativa and falcata. 
Recommendations and Breeding Implications 
With the ultimate goal of commercializing semi-hybrid sativa-falcata alfalfa we 
would recommend, based on our research, that breeders focus on developing falcata 
germplasm initially adapted to dormancy zones 3 (i.e. 3 harvests per year). Based on our 
study it seems likely SFC would be competitive with materials in a 3 cut system. In a 4 cut 
system regrowth factor may become to great to make sativa-falcata hybrids competitive at 
current performance levels of falcata germplasm. Systems with three hay cuts or less per 
year systems represent about 25% of the total U.S. alfalfa acreage. In the Upper-
Midwest/Great Plains three cut areas most likely correspond with USDA hardiness zones of 
3a or less (Figure 1 ). Even in hardiness zone 4b three cut systems are competitive. These 
include many areas of the Great Plains where the climate is drier, which prevents four cuts 
being taken. In these drier areas much of the alfalfa grown is in rangeland conditions. 
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• 2b 4b 
3b 4a • 
II 3a 5b Ill 
Figure 1. USDA hardiness zones for the Upper Midwest and Great Plains (USDA, 
2000) 
Producers in these areas do not use commercial seed much of the time. Public sector 
breeding could play a bigger role in drier climates. Other options for using falcata in a semi-
hybrid breeding system might include crossing falcata with dormancy class 5 and 6 
germplasm. Future research could be done to see if these hybrids showed heterosis and were 
competitive in 4 cut systems. 
Part .of the Iowa State forage breeding program is falcata improvement per se. From 
other studies (Cazcarro, 2000) it is apparent that most unimproved germplasm sativa or 
falcata show poor agronomic performance. Elite material may only be two or three cycles 
from unadapted germplasm, so breeding agronomically desirable falcata varieties is a distinct 
possibility. Agronomically inferior falcata germplasm will require heavy selection to make a 
semi-hybrid scheme a reality (especially in 4 cut areas). The semi-improved more upright 
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and somewhat faster regrowing WISF AL germplasm displays heterosis, which offers hope 
that breeding for more agronomically acceptable falcatas will not diminish heterosis. 
Other concerns not addressed in this study were seed production, which is a big factor 
in alfalfa cultivar production, as well as persistence. Our selection of falcata germplasm was 
limited to four falcata sources and five genotypes. A more extensive review of existing 
germplasm would be helpful to find falcata germplasms that have more desirable agronomic 
traits. I would like to close with a quote from Richard R. Hill Jr.: "There is abundant 
variability within most alfalfa cultivars for yield, but current breeding methods do not 
effectively use that variability. Our knowledge of polyploid genetics and breeding is 
increasing, and some alfalfa breeder will eventually determine a way to utilize that variability 
to produce superior yielding cultivars" (Hill 1987, pg. 37). 
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APPENDIX A: FORAGE YIELD MEANS ON A HARVEST BASIS 
Location-harvest combination least square means for total above ground dry biomass 
forage yield (g/plant). Cross combinations are designated (J, J). Parental entries are 
designated (J = J), check entries have J and J = 0. I and J correspond to genotypes as 
follows: ABI408 (1), ABI311 (2), ABI419 (3), ABI314 (4), C96-514 (5), C96-673 (6), C96-
513 (7), FW-92-118 (8), RP-93-377 (9), WISFAL-4 (10), WISFAL-6 (11), C25-6 (12), 
PI214218-1 (13), and PI502453-1 (14). Check varieties correspond to entry number (Ent) as 
follows: Lodak (30001), Vernal (30002), 5454 (30003), Innovator +Z (30004), and 
Legendairy (30005). Location (Loe) code numbers are: Ames (1) and Nashua (2). Harvest 
(Cut) code numbers are: August 1998 (1 ), October 1998 (2), May/June 1999 (3), July 1999 
(4), and September 1999 (5). 
I J Loe Cut Ent Yield I J Loe Cut Ent Yield I J Loe Cut Ent Yield 
1 2 1 1 10102 17.5 2 12 1 1 10212 15.4 4 13 1 1 10413 17.2 
3 1 10103 11.8 2 13 1 10213 18.1 4 14 1 1 10414 13.5 
4 1 10104 13.8 2 14 1 1 10214 17.6 5 6 1 10506 9.9 
5 1 10105 13.0 3 4 10304 9.9 5 7 1 10507 11.3 
6 1 10106 11.4 3 5 10305 8.0 5 8 1 10508 10.7 
7 1 10107 19.0 3 6 1 10306 5.7 5 9 1 10509 12.3 
8 1 10108 16.1 3 7 1 10307 8.5 5 10 1 1 10510 8.8 
9 10109 16.0 3 8 10308 7.4 5 11 10511 10.5 
10 10110 13.5 3 9 10309 7.7 5 12 10512 11.6 
1 11 1 10111 17.2 3 10 10310 6.5 5 13 1 1 10513 11.5 
1 12 1 10112 16.6 3 11 1 10311 10.5 5 14 1 1 10514 12.7 
1 13 1 1 10113 16.6 3 12 1 1 10312 5.9 6 7 1 10607 8.4 
1 14 1 10114 16.0 3 13 10313 8.0 6 8 1 10608 8.9 
2 3 10203 12.0 3 14 10314 10.8 6 9 1 10609 11.4 
2 4 1 10204 16.1 4 5 1 10405 13.8 6 10 1 10610 8.5 
2 5 10205 15.9 4 6 10406 11.2 6 11 1 1 10611 8.4 
2 6 10206 12.3 4 7 10407 15.5 6 12 1 1 10612 10.8 
2 7 10207 14.9 4 8 10408 14.5 6 13 10613 12.8 
2 8 1 10208 13.5 4 9 10409 14.9 6 14 10614 12.0 
2 9 10209 14.8 4 IO 10410 12.7 7 8 10708 13.4 
2 10 1 10210 15.0 4 11 1 10411 9.5 7 9 10709 15.5 
2 11 1 1 10211 14.0 4 12 1 1 10412 13.5 7 IO 1 1 10710 14.6 
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Appendix A continued 
I J Loe Cut Ent Yield I J Loe Cut Ent Yield I J Loe Cut Ent Yield 
7 11 1 1 10711 13.2 0 0 1 1 30005 7.9 4 11 2 1 10411 8.8 
7 12 1 1 10712 15.7 2 2 10102 12.8 4 12 2 1 10412 11.2 
7 13 10713 19.8 3 2 10103 8.1 4 13 2 10413 15.3 
7 14 10714 13.2 4 2 10104 10.6 4 14 2 10414 11.4 
8 9 10809 12.8 5 2 10105 11.8 5 6 2 10506 7.7 
8 10 10810 8.2 6 2 10106 10.1 5 7 2 10507 7.2 
8 11 10811 9.9 7 2 10107 12.0 5 8 2 10508 8.7 
8 12 10812 13.3 8 2 10108 10.4 5 9 2 10509 11.3 
8 13 10813 13.0 9 2 10109 12.3 5 10 2 10510 8.1 
8 14 10814 10.8 10 2 10110 9.7 5 11 2 10511 8.8 
9 10 10910 10.4 11 2 10111 7.5 5 12 2 10512 11.0 
9 11 10911 13.1 12 2 10112 14.3 5 13 2 1 10513 13.8 
9 12 1 10912 10.8 13 2 1 10113 14.3 5 14 2 10514 14.9 
9 13 10913 17.0 14 2 1 10114 15.1 6 7 2 10607 7.1 
9 14 1 10914 14.5 2 3 2 1 10203 9.6 6 8 2 1 10608 7.7 
10 11 1 11011 7.4 2 4 2 1 10204 11.5 6 9 2 1 10609 7.6 
10 12 1 11012 12.7 2 5 2 10205 10.6 6 10 2 1 10610 8.3 
10 13 1 11013 14.2 2 6 2 10206 8.6 6 11 2 1 10611 7.5 
10 14 1 1 11014 9.0 2 7 2 10207 8.6 6 12 2 10612 9.4 
11 12 1 11112 11.2 2 8 2 10208 11.1 6 13 2 10613 9.1 
11 13 11113 12.2 2 9 2 10209 12.4 6 14 2 10614 12.7 
11 14 1 11114 9.2 2 10 2 10210 9.4 7 8 2 10708 12.2 
12 13 1 11213 12.3 2 11 2 1 10211 12.1 7 9 2 10709 10.6 
12 14 11214 10.2 2 12 2 10212 13.7 7 10 2 1 10710 11.1 
13 14 11314 18.3 2 13 2 10213 12.7 7 11 2 1 10711 9.0 
20001 15.5 2 14 2 10214 13.2 7 12 2 1 10712 13.3 
2 2 20002 13.1 3 4 2 10304 10.1 7 13 2 10713 15.0 
3 3 20003 3.0 3 5 2 10305 7.9 7 14 2 10714 13.3 
4 4 20004 10.6 3 6 2 10306 9.1 8 9 2 10809 9.3 
5 5 20005 5.5 3 7 2 10307 7.9 8 10 2 10810 9.0 
6 6 20006 7.0 3 8 2 10308 6.3 8 11 2 10811 7.3 
7 7 20007 10.4 3 9 2 10309 6.3 8 12 2 10812 10.9 
8 8 20008 7.2 3 10 2 10310 7.1 8 13 2 10813 14.1 
9 9 20009 9.1 3 11 2 1 10311 5.9 8 14 2 10814 13.0 
10 10 20010 11.8 3 12 2 1 10312 7.6 9 10 2 10910 10.4 
11 11 20011 5.2 3 13 2 10313 4.6 9 11 2 10911 9.7 
12 12 20012 7.6 3 14 2 10314 8.3 9 12 2 10912 11.5 
13 13 20013 16.9 4 5 2 10405 12.2 9 13 2 10913 12.8 
14 14 20014 9.9 4 6 2 10406 8.8 9 14 2 10914 13.0 
0 0 30001 5.0 4 7 2 10407 12.2 10 11 2 11011 7.4 
0 0 30002 7.2 4 8 2 10408 12.7 10 12 2 11012 7.3 
0 0 30003 6.5 4 9 2 10409 11.6 10 13 2 11013 9.6 
0 0 30004 10.9 4 10 2 10410 9.4 10 14 2 1 11014 6.4 
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Appendix A continued 
I J Loe Cut Ent Yield I J Loe Cut Ent Yield I J Loe Cut Ent Yield 
11 12 2 1 11112 10.6 2 8 1 2 10208 42.7 6 13 1 2 10613 44.9 
11 13 2 11113 7.9 2 9 2 10209 56.4 6 14 2 10614 44.4 
11 14 2 11114 3.8 2 10 2 10210 56.2 7 8 2 10708 40.0 
12 13 2 11213 10.5 2 11 2 10211 53.8 7 9 2 10709 53.7 
12 14 2 11214 8.3 2 12 2 10212 55.2 7 10 2 10710 59.3 
13 14 2 11314 13.4 2 13 2 10213 59.9 7 11 2 10711 56.0 
1 2 20001 10.2 2 14 2 10214 58.8 7 12 2 10712 48.0 
2 2 2 20002 13.3 3 4 2 10304 38.8 7 13 2 10713 61.9 
3 3 2 20003 3.5 3 5 1 2 10305 37.4 7 14 2 10714 46.7 
4 4 2 20004 9.7 3 6 1 2 10306 31.6 8 9 2 10809 53.5 
5 5 2 20005 5.1 3 7 2 10307 34.3 8 10 2 10810 45.7 
6 6 2 20006 7.0 3 8 2 10308 35.1 8 11 1 2 10811 40.6 
7 7 2 20007 5.5 3 9 2 10309 36.6 8 12 1 2 10812 49.3 
8 8 2 20008 6.6 3 10 2 10310 35.0 8 13 1 2 10813 54.2 
9 9 2 20009 9.8 3 11 1 2 10311 39.8 8 14 2 10814 42.4 
10 10 2 20010 4.9 3 12 1 2 10312 27.4 9 10 2 10910 54.7 
11 11 2 20011 3.0 3 13 2 10313 30.0 9 11 2 10911 50.8 
12 12 2 20012 11.5 3 14 2 10314 45.2 9 12 1 2 10912 46.5 
13 13 2 20013 14.8 4 5 2 10405 42.6 9 13 1 2 10913 50.5 
14 14 2 20014 12.6 4 6 2 10406 42.1 9 14 1 2 10914 58.3 
0 0 2 30001 5.2 4 7 2 10407 38.0 10 11 2 11011 32.4 
0 0 2 30002 8.2 4 8 2 10408 47.9 10 12 1 2 11012 42.0 
0 0 2 30003 5.4 4 9 2 10409 53.7 10 13 1 2 11013 43.2 
0 0 2 30004 8.6 4 10 2 10410 50.5 10 14 2 11014 30.4 
0 0 2 1 30005 7.6 4 11 2 10411 36.4 11 12 2 11112 41.7 
2 2 10102 55.1 4 12 2 10412 46.7 11 13 1 2 11113 41.7 
3 2 10103 43.6 4 13 2 10413 56.8 11 14 2 11114 29.9 
4 2 10104 49.1 4 14 2 10414 47.3 12 13 2 11213 47.6 
5 2 10105 48.4 5 6 2 10506 40.6 12 14 1 2 11214 40.7 
6 2 10106 40.8 5 7 2 10507 41.5 13 14 2 11314 38.7 
1 7 1 2 10107 49.7 5 8 2 10508 43.4 1 1 1 2 20001 52.0 
1 8 1 2 10108 53.7 5 9 2 10509 45.9 2 2 1 2 20002 52.2 
9 2 10109 54.4 5 10 2 10510 39.0 3 3 2 20003 23.3 
10 2 10110 50.9 5 11 2 10511 42.7 4 4 2 20004 28.9 
11 2 10111 60.7 5 12 2 10512 45.4 5 5 2 20005 31.0 
12 2 10112 54.3 5 13 2 10513 48.8 6 6 2 20006 34.7 
13 2 10113 53.7 5 14 2 10514 47.6 7 7 2 20007 34.8 
1 14 2 10114 56.2 6 7 2 10607 38.7 8 8 2 20008 31.0 
2 3 2 10203 47.4 6 8 2 10608 38.8 9 9 2 20009 40.7 
2 4 2 10204 49.0 6 9 2 10609 41.9 10 10 2 20010 32.3 
2 5 2 10205 59.5 6 10 2 10610 45.8 11 11 2 20011 30.7 
2 6 2 10206 46.7 6 11 2 10611 42.1 12 12 2 20012 48.4 
2 7 2 10207 51.8 6 12 1 2 10612 39.3 13 13 1 2 20013 56.1 
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Appendix A continued 
I J Loe Cut Ent Yield I J Loe Cut Ent Yield I J Loe Cut Ent Yield 
14 14 1 2 20014 36.l 4 6 2 2 10406 30.9 9 14 2 2 10914 40.3 
0 0 2 30001 28.2 4 7 2 2 10407 37.6 10 11 2 2 11011 31.8 
0 0 2 30002 31.4 4 8 2 2 10408 36.8 10 12 2 2 11012 36.2 
0 0 2 30003 31.4 4 9 2 2 10409 38.1 10 13 2 2 11013 39.2 
0 0 2 30004 50.6 4 10 2 2 10410 43.5 10 14 2 2 11014 28.2 
0 0 2 30005 35.9 4 11 2 2 10411 31.4 11 12 2 2 11112 37.4 
2 2 2 10102 36.8 4 12 2 2 10412 32.1 11 13 2 2 11113 31.6 
3 2 2 10103 32.2 4 13 2 2 10413 46.8 11 14 2 2 11114 15.9 
4 2 2 10104 28.8 4 14 2 2 10414 34.6 12 13 2 2 11213 38.5 
5 2 2 10105 36.0 5 6 2 2 10506 28.6 12 14 2 2 11214 31.0 
6 2 2 10106 31.9 5 7 2 2 10507 27.9 13 14 2 2 11314 32.5 
7 2 2 10107 33.8 5 8 2 2 10508 25.5 1 1 2 2 20001 21.2 
8 2 2 10108 33.7 5 9 2 2 10509 33.6 2 2 2 2 20002 40.8 
9 2 2 10109 38.0 5 10 2 2 10510 39.5 3 3 2 2 20003 33.0 
10 2 2 10110 44.l 5 11 2 2 10511 36.7 4 4 2 2 20004 21.4 
11 2 2 10111 39.8 5 12 2 2 10512 34.0 5 5 2 2 20005 22.8 
12 2 2 10112 38.5 5 13 2 2 10513 34.5 6 6 2 2 20006 32.3 
13 2 2 10113 38.9 5 14 2 2 10514 38.7 7 7 2 2 20007 26.7 
14 2 2 10114 37.5 6 7 2 2 10607 28.1 8 8 2 2 20008 16.8 
2 3 2 2 10203 38.0 6 8 2 2 10608 28.9 9 9 2 2 20009 31.1 
2 4 2 2 10204 39.9 6 9 2 2 10609 34.8 10 10 2 2 20010 19.5 
2 5 2 2 10205 33.9 6 10 2 2 10610 40.4 11 11 2 2 20011 15.3 
2 6 2 2 10206 36.8 6 11 2 2 10611 41.3 12 12 2 2 20012 24.8 
2 7 2 2 10207 29.7 6 12 2 2 10612 31.6 13 13 2 2 20013 36.7 
2 8 2 2 10208 36.6 6 13 2 2 10613 36.5 14 14 2 2 20014 31.2 
2 9 2 2 10209 40.2 6 14 2 2 10614 37.1 0 0 2 2 30001 24.1 
2 10 2 2 10210 54.7 7 8 2 2 10708 30.9 0 0 2 2 30002 28.3 
2 11 2 2 10211 41.5 7 9 2 2 10709 28.8 0 0 2 2 30003 28.2 
2 12 2 2 10212 48.5 7 10 2 2 10710 47.0 0 0 2 2 30004 33.2 
2 13 2 2 10213 38.2 7 11 2 2 10711 38.8 0 0 2 2 30005 30.3 
2 14 2 2 10214 42.9 7 12 2 2 10712 41.7 1 2 1 3 10102 76.1 
3 4 2 2 10304 37.7 7 13 2 2 10713 35.7 3 3 10103 71.1 
3 5 2 2 10305 36.4 7 14 2 2 10714 37.3 4 3 10104 60.9 
3 6 2 2 10306 43.3 8 9 2 2 10809 38.5 5 3 10105 70.8 
3 7 2 2 10307 31.4 8 10 2 2 10810 40.9 6 3 10106 71.9 
3 8 2 2 10308 31.1 8 11 2 2 10811 30.1 7 3 10107 69.8 
3 9 2 2 10309 35.1 8 12 2 2 10812 33.0 8 1 3 10108 77.9 
3 10 2 2 10310 42.4 8 13 2 2 10813 39.6 9 1 3 10109 67.1 
3 11 2 2 10311 35.1 8 14 2 2 10814 35.7 10 1 3 10110 76.4 
3 12 2 2 10312 34.1 9 10 2 2 10910 53.0 11 3 10111 80.2 
3 13 2 2 10313 32.5 9 11 2 2 10911 30.6 12 3 10112 69.2 
3 14 2 2 10314 33.2 9 12 2 2 10912 39.7 13 3 10113 76.4 
4 5 2 2 10405 36.9 9 13 2 2 10913 42.9 14 3 10114 81.5 
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Appendix A continued 
I J Loe Cut Ent Yield I J Loe Cut Ent Yield I J Loe Cut Ent Yield 
2 3 3 10203 64.0 6 8 1 3 10608 67.0 9 9 1 3 20009 53.3 
2 4 3 10204 60.3 6 9 1 3 10609 60.7 10 IO 1 3 20010 33.3 
2 5 
,., 10205 74.9 6 10 3 10610 64.8 11 11 3 20011 37.0 ., 
2 6 3 10206 71.9 6 11 3 10611 74.1 12 12 3 20012 12.0 
2 7 1 3 10207 75.2 6 12 3 10612 62.1 13 13 1 3 20013 55.8 
2 8 1 3 10208 78.0 6 13 3 10613 81.2 14 14 1 3 20014 34.6 
2 9 1 3 10209 75.7 6 14 3 10614 68.1 0 0 1 3 30001 59.8 
2 10 3 10210 83.7 7 8 3 10708 65.1 0 0 3 30002 63.5 
2 11 3 10211 73.6 7 9 3 10709 69.5 0 0 3 30003 50.9 
2 12 1 3 10212 66.6 7 10 3 10710 70.6 0 0 3 30004 61.1 
2 13 1 3 10213 73.2 7 11 3 10711 73.0 0 0 1 3 30005 55.0 
2 14 3 10214 73.7 7 12 3 10712 56.4 2 2 3 10102 89.6 
3 4 3 10304 46.5 7 13 3 10713 81.8 3 2 3 10103 83.8 
3 5 3 10305 58.1 7 14 3 10714 73.2 4 2 3 10104 62.2 
3 6 3 10306 47.9 8 9 3 10809 71.6 5 2 3 10105 77.8 
3 7 3 10307 52.5 8 10 3 10810 90.4 6 2 3 10106 66.3 
3 8 3 10308 54.6 8 11 3 10811 79.2 7 2 3 10107 70.2 
3 9 1 3 10309 54.4 8 12 3 10812 76.3 8 2 3 10108 83.5 
3 10 3 10310 69.7 8 13 3 10813 88.3 9 2 3 10109 86.6 
3 11 3 10311 64.2 8 14 1 3 10814 80.3 10 2 3 10110 86.7 
3 12 3 10312 38.3 9 IO 1 3 10910 94.0 11 2 3 10111 86.1 
3 13 1 3 10313 49.9 9 11 3 10911 81.9 12 2 3 10112 63.8 
3 14 3 10314 72.4 9 12 3 10912 64.5 13 2 3 10113 105.3 
4 5 1 3 10405 56.8 9 13 3 10913 74.7 14 2 3 10114 119.3 
4 6 1 3 10406 49.6 9 14 3 10914 98.0 2 3 2 3 10203 70.0 
4 7 3 10407 58.7 10 11 3 11011 44.2 2 4 2 3 10204 76.2 
4 8 3 10408 70. l IO 12 3 11012 67.5 2 5 2 3 10205 61.1 
4 9 3 10409 72.1 IO 13 3 11013 66.7 2 6 2 3 10206 68.4 
4 10 3 10410 85.1 10 14 3 11014 59.6 2 7 2 3 10207 75.6 
4 11 3 10411 59.3 11 12 3 11112 71.8 2 8 2 3 10208 78.8 
4 12 1 3 10412 64.2 11 13 1 3 11113 70.8 2 9 2 3 10209 80.0 
4 13 1 3 10413 89.8 11 14 1 3 11114 46.5 2 10 2 3 10210 76.3 
4 14 1 3 10414 73.7 12 13 1 3 11213 40.6 2 11 2 3 10211 96.6 
5 6 3 10506 51.3 12 14 3 11214 46.8 2 12 2 3 10212 72.0 
5 7 3 10507 56.5 13 14 3 11314 56.8 2 13 2 3 10213 85.6 
5 8 3 10508 70.1 1 1 3 20001 42.3 2 14 2 3 10214 108.4 
5 9 1 3 10509 64.6 2 2 3 20002 42.0 3 4 2 3 10304 72.4 
5 10 1 3 10510 70.5 3 3 1 3 20003 28.6 3 5 2 3 10305 84.2 
5 11 1 3 10511 66.8 4 4 1 3 20004 26.4 3 6 2 3 10306 100.0 
5 12 3 10512 66.0 5 5 3 20005 31.8 
,., 7 2 3 10307 71.5 ., 
5 13 3 10513 81.3 6 6 3 20006 50.7 3 8 2 3 10308 75.6 
5 14 3 10514 75.2 7 7 3 20007 25.8 3 9 2 3 10309 66.4 
6 7 3 10607 61.7 8 8 3 20008 39.8 3 10 2 3 10310 93.3 
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Appendix A continued 
I J Loe Cut Ent Yield I J Loe Cut Ent Yield I J Loe Cut Ent Yield 
3 11 2 3 10311 68.8 8 14 2 3 10814 129.4 1 10 1 4 10110 39.9 
3 12 2 3 10312 65.3 9 10 2 3 10910 102.3 1 11 4 10111 47.7 
3 13 2 3 10313 70.6 9 11 2 3 10911 102.0 12 4 10112 44.5 
3 14 2 3 10314 119.9 9 12 2 3 10912 71.6 13 1 4 10113 33.6 
4 5 2 3 10405 66.7 9 13 2 3 10913 105.8 14 1 4 10114 54.0 
4 6 2 3 10406 62.7 9 14 2 3 10914 134.4 2 3 4 10203 36.0 
4 7 2 3 10407 70.6 10 11 2 3 11011 82.9 2 4 4 10204 41.9 
4 8 2 3 10408 80.9 10 12 2 3 11012 78.8 2 5 4 10205 47.3 
4 9 2 3 10409 79.8 10 13 2 3 11013 95.9 2 6 1 4 10206 41.3 
4 10 2 3 10410 93.8 10 14 2 3 11014 95.4 2 7 1 4 10207 43.2 
4 11 2 3 10411 94.3 11 12 2 3 11112 89.3 2 8 1 4 10208 40.1 
4 12 2 3 10412 78.2 11 13 2 3 11113 94.6 2 9 4 10209 40.8 
4 13 2 3 10413 105.8 11 14 2 3 11114 71.3 2 10 4 10210 43.7 
4 14 2 3 10414 101.8 12 13 2 3 11213 57.2 2 11 4 10211 33.8 
5 6 2 3 10506 64.3 12 14 2 3 11214 63.0 2 12 4 10212 33.6 
5 7 2 3 10507 65.9 13 14 2 3 11314 131.8 2 13 4 10213 35.9 
5 8 2 3 10508 58.7 1 1 2 3 20001 16.9 2 14 1 4 10214 43.0 
5 9 2 3 10509 76.5 2 2 2 3 20002 37.6 3 4 1 4 10304 34.2 
5 10 2 3 10510 83.3 3 3 2 3 20003 37.4 3 5 1 4 10305 40.3 
5 11 2 3 10511 101.4 4 4 2 3 20004 10.8 3 6 4 10306 30.3 
5 12 2 3 10512 86.3 5 5 2 3 20005 19.2 3 7 1 4 10307 38.2 
5 13 2 3 10513 93.3 6 6 2 3 20006 67.7 3 8 1 4 10308 37.9 
5 14 2 3 10514 121.6 7 7 2 3 20007 42.1 3 9 4 10309 34.0 
6 7 2 3 10607 68.1 8 8 2 3 20008 25.4 3 10 4 10310 41.2 
6 8 2 3 10608 72.2 9 9 2 3 20009 62.9 3 11 4 10311 38.5 
6 9 2 3 10609 81.9 10 10 2 3 20010 23.9 3 12 4 10312 32.5 
6 10 2 3 10610 90.6 11 11 2 3 20011 30.9 3 13 4 10313 23.4 
6 11 2 3 10611 98.2 12 12 2 3 20012 23.6 3 14 1 4 10314 40.8 
6 12 2 3 10612 90.9 13 13 2 3 20013 63.9 4 5 1 4 10405 42.1 
6 13 2 3 10613 110.1 14 14 2 3 20014 91.5 4 6 4 10406 40.7 
6 14 2 3 10614 116.4 0 0 2 3 30001 83.0 4 7 4 10407 43.7 
7 8 2 3 10708 75.1 0 0 2 3 30002 73.1 4 8 4 10408 47.1 
7 9 2 3 10709 68.3 0 0 2 3 30003 63.1 4 9 4 10409 50.5 
7 10 2 3 10710 87.7 0 0 2 3 30004 71.5 4 10 4 10410 46.3 
7 11 2 3 10711 99.5 0 0 2 3 30005 73.1 4 11 4 10411 44.1 
7 12 2 3 10712 83.9 2 4 10102 48.3 4 12 4 10412 41.1 
7 13 2 3 10713 86.4 3 4 10103 49.0 4 13 4 10413 50.3 
7 14 2 3 10714 108.3 4 4 10104 44.3 4 14 4 10414 49.3 
8 9 2 3 10809 84.8 5 4 10105 45.2 5 6 4 10506 34.4 
8 10 2 3 10810 92.3 6 4 10106 45.5 5 7 4 10507 41.8 
8 11 2 3 10811 91.8 7 4 10107 48.1 5 8 4 10508 41.6 
8 12 2 3 10812 98.0 8 4 10108 54.4 5 9 4 10509 51.2 
8 13 2 3 10813 109.6 9 4 10109 47.6 5 10 4 10510 33.3 
Appendix A continued 
I J Loe Cut Ent Yield 
5 11 1 4 10511 35.9 
5 12 4 10512 37.1 









































4 10514 35.2 
4 10607 42.0 
4 10608 38.4 
4 10609 37.6 
4 10610 39.9 
4 10611 39.3 
4 10612 44.8 
4 10613 42.0 
4 10614 42.4 
4 10708 37.9 
4 10709 53.4 
4 10710 44.1 
4 10711 46.8 
4 10712 42.7 
4 10713 43.9 
4 10714 40.3 
4 10809 41.6 
4 10810 39.2 
4 10811 45.0 
4 10812 41.4 
4 10813 44.1 
4 10814 40.6 
4 10910 41.5 
4 10911 44.2 
4 10912 36.1 
4 10913 39.2 
4 10914 40.9 
4 11011 23.4 
4 11012 26.5 
4 11013 25.9 
4 11014 31.5 
4 11112 34.9 
4 11113 30.4 
4 11114 34.4 
4 11213 26.6 
4 11214 29.2 
4 11314 31.8 
4 20001 33.8 
4 20002 31.8 
4 20003 22.6 
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I J Loe Cut Ent Yield 
4 4 1 4 20004 25.6 
5 5 4 20005 28.4 








14 14 1 
0 0 1 
0 0 1 
4 20007 27.7 
4 20008 23.3 
4 20009 31.6 
4 20010 24.4 
4 20011 22.2 
4 20012 11.9 
4 20013 24.8 
4 20014 33.2 
4 30001 40.6 
4 30002 36.7 
0 0 4 30003 36.3 
0 0 4 30004 43.6 
0 0 1 4 30005 36.2 
2 2 4 10102 24.4 
3 2 4 10103 25.0 
4 2 4 10104 23.5 
5 2 4 10105 21.0 
6 2 4 10106 20.6 
7 2 4 10107 23.5 
8 2 4 10108 27.7 
9 2 4 10109 28.1 
10 2 4 10110 16.4 
11 2 4 10111 16.8 
12 2 4 10112 15.8 
13 2 4 10113 17.7 
1 14 2 4 10114 17.6 
2 3 2 4 10203 21.3 
2 4 2 4 10204 28.7 
2 5 2 4 10205 19.2 
2 6 2 
2 7 2 
2 8 2 
2 9 2 
2 10 2 
2 11 2 
2 12 2 
2 13 2 
2 14 2 
3 4 2 
3 5 2 
4 10206 24.3 
4 10207 24.8 
4 10208 26.6 
4 10209 28.5 
4 10210 15.9 
4 10211 21.0 
4 10212 13.7 
4 10213 15.2 
4 10214 16.6 
4 10304 27.1 
4 10305 20.6 
I J Loe Cut Ent Yield 
3 6 2 4 10306 32.1 
3 7 2 4 10307 25.1 
3 8 2 4 10308 21.0 
3 9 2 
3 10 2 
3 11 2 
3 12 2 
3 13 2 
3 14 2 
4 5 2 
4 6 2 
4 7 2 
4 8 2 
4 9 2 
4 10 2 
4 11 2 
4 12 2 
4 13 2 
4 14 2 
5 6 2 
5 7 2 
5 8 2 
5 9 2 
5 10 2 
5 11 2 
5 12 2 
5 13 2 
5 14 2 
6 7 2 
6 8 2 
6 9 2 
6 10 2 
6 11 2 
6 12 2 
6 13 2 
6 14 2 
7 8 2 
7 9 2 
7 10 2 
7 11 2 
7 12 2 
7 13 2 
7 14 2 
4 10309 21.0 
4 10310 18.6 
4 10311 15.8 
4 10312 16.8 
4 10313 14.7 
4 10314 19.2 
4 10405 22.4 
4 10406 25.4 
4 10407 26.7 
4 10408 33.6 
4 10409 25.1 
4 10410 19.9 
4 10411 18.3 
4 10412 16.8 
4 10413 30.6 
4 10414 15.8 
4 10506 18.1 
4 10507 21.3 
4 10508 16.9 
4 10509 22.9 
4 10510 19.8 
4 10511 21.1 
4 10512 13.7 
4 10513 14.9 
4 10514 16.1 
4 10607 24.7 
4 10608 23.3 
4 10609 24.1 
4 10610 22.3 
4 10611 27.7 
4 10612 21.5 
4 10613 21.0 
4 10614 19.5 
4 10708 22.5 
4 10709 24.2 
4 10710 18.2 
4 10711 16.8 
4 10712 20.1 
4 10713 26.6 
4 10714 16.4 
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Appendix A continued 
I J Loe Cut Ent Yield I J Loe Cut Ent Yield I J Loe Cut Ent Yield 
8 9 2 4 10809 24.4 5 5 10105 70.7 5 6 5 10506 40.7 
8 10 2 4 10810 15.9 6 5 10106 66.2 5 7 5 10507 58.5 
8 11 2 4 10811 19.5 7 5 10107 70.8 5 8 1 5 10508 54.4 
8 12 2 4 10812 19.2 8 5 10108 66.6 5 9 1 5 10509 66.4 
8 13 2 4 10813 18.7 9 5 10109 70.6 5 10 5 10510 55.6 
8 14 2 4 10814 18.2 1 10 5 10110 66.3 5 11 1 5 10511 74.4 
9 10 2 4 10910 20.8 11 5 10111 69.9 5 12 5 10512 53.4 
9 11 2 4 10911 21.3 12 5 10112 58.2 5 13 5 10513 60.8 
9 12 2 4 10912 16.4 1 13 5 10113 61.9 5 14 5 10514 54.7 
9 13 2 4 10913 16.4 1 14 5 10114 69.9 6 7 1 5 10607 52.7 
9 14 2 4 10914 17.9 2 3 5 10203 49.1 6 8 1 5 10608 64.5 
10 11 2 4 11011 10.4 2 4 5 10204 55.3 6 9 5 10609 50.9 
10 12 2 4 11012 11.2 2 5 1 5 10205 74.1 6 10 1 5 10610 54.9 
10 13 2 4 11013 11.2 2 6 1 5 10206 51.9 6 11 1 5 10611 61.8 
10 14 2 4 11014 8.2 2 7 5 10207 64.5 6 12 5 10612 58.9 
11 12 2 4 11112 12.6 2 8 5 10208 64.7 6 13 5 10613 57.0 
11 13 2 4 11113 8.3 2 9 5 10209 63.2 6 14 5 10614 54.3 
11 14 2 4 11114 6.5 2 10 5 10210 60.0 7 8 1 5 10708 66.8 
12 13 2 4 11213 7.4 2 11 5 10211 58.8 7 9 5 10709 64.7 
12 14 2 4 11214 9.6 2 12 5 10212 58.2 7 10 5 10710 65.6 
13 14 2 4 11314 4.4 2 13 5 10213 53.2 7 11 5 10711 71.1 
2 4 20001 8.7 2 14 5 10214 46.6 7 12 1 5 10712 71.9 
2 2 2 4 20002 10.1 3 4 5 10304 44.7 7 13 5 10713 70.5 
3 3 2 4 20003 14.1 3 5 5 10305 52.9 7 14 5 10714 60.0 
4 4 2 4 20004 8.6 3 6 5 10306 33.0 8 9 5 10809 58.1 
5 5 2 4 20005 3.2 3 7 5 10307 44.6 8 10 5 10810 70.7 
6 6 2 4 20006 25.9 3 8 5 10308 38.1 8 11 5 10811 83.8 
7 7 2 4 20007 7.8 3 9 5 10309 44.8 8 12 1 5 10812 57.3 
8 8 2 4 20008 6.1 3 10 5 10310 51.4 8 13 1 5 10813 63.1 
9 9 2 4 20009 16.6 "I 11 5 10311 60.9 8 14 5 10814 51.1 :, 
10 10 2 4 20010 5.3 3 12 5 10312 33.9 9 10 1 5 10910 64.1 
11 11 2 4 20011 5.4 3 13 5 10313 41.7 9 11 1 5 10911 71.3 
12 12 2 4 20012 2.0 3 14 5 10314 55.8 9 12 1 5 10912 52.6 
13 13 2 4 20013 5.4 4 5 5 10405 52.1 9 13 5 10913 51.4 
14 14 2 4 20014 1.8 4 6 5 10406 47.1 9 14 5 10914 58.6 
0 0 2 4 30001 15.0 4 7 5 10407 53.8 10 11 5 11011 37.7 
0 0 2 4 30002 21.3 4 8 5 10408 60.2 10 12 5 11012 42.8 
0 0 2 4 30003 17.3 4 9 5 10409 72.8 10 13 5 11013 35.0 
0 0 2 4 30004 20.0 4 10 5 10410 81.4 10 14 5 11014 35.7 
0 0 2 4 30005 22.4 4 11 5 10411 57.0 11 12 5 11112 60.7 
2 5 10102 65.5 4 12 5 10412 53.1 11 13 5 11113 51.4 
3 5 10103 58.5 4 13 5 10413 56.6 11 14 5 11114 37.0 
4 5 10104 60.7 4 14 1 5 10414 51.9 12 13 1 5 11213 40.0 
Appendix A continued 
J J Loe Cut Ent Yield 
12 14 1 5 11214 49.4 
13 14 5 11314 32.7 
1 1 5 20001 49.0 
2 2 5 20002 51.8 
3 3 5 20003 20.3 
4 4 5 20004 30.1 
5 5 5 20005 50.1 
6 6 5 20006 38.4 

























1 14 2 
2 3 2 
2 4 2 
2 5 2 
2 6 2 
2 7 2 
2 8 2 
2 9 2 
2 10 2 
2 11 2 
5 20008 40.2 
5 20009 52.8 
5 20010 34.3 
5 20011 33.5 
5 20012 25.2 
5 20013 36.3 
5 20014 28.5 
5 30001 56.0 
5 30002 43.0 
5 30003 50.9 
5 30004 62.8 
5 30005 52.7 
5 10102 40.3 
5 10103 38.8 
5 10104 36.3 
5 10105 35.3 
5 10106 36.0 
5 10107 35.1 
5 10108 42.5 
5 10109 33.6 
5 10110 38.8 
5 10111 46.8 
5 10112 34.7 
5 10113 35.7 
5 10114 38.1 
5 10203 28.4 
5 10204 45.3 
5 10205 32.4 
5 10206 30.7 
5 10207 36.9 
5 10208 31.0 
5 10209 40.2 
5 10210 34.8 
5 10211 38.1 
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J J Loe Cut Ent Yield 
2 12 2 5 10212 29.9 
2 13 2 
2 14 2 
3 4 2 
3 5 2 
3 6 2 
3 7 2 
3 8 2 
3 9 2 
3 10 2 
3 11 2 
3 12 2 
3 13 2 
3 14 2 
4 5 2 
4 6 2 
4 7 2 
4 8 2 
4 9 2 
4 10 2 
4 11 2 
4 12 2 
4 13 2 
4 14 2 
5 6 2 
5 7 2 
5 8 2 
5 9 2 
5 10 2 
5 11 2 
5 12 2 
5 13 2 







6 10 2 
6 11 2 
6 12 2 
6 13 2 
6 14 2 
7 8 2 
7 9 2 
5 10213 34.9 
5 10214 38.4 
5 10304 37.3 
5 10305 33.0 
5 10306 26.4 
5 10307 33.8 
5 10308 32.1 
5 10309 28.4 
5 10310 36.7 
5 10311 36.9 
5 10312 30.7 
5 10313 31.3 
5 10314 40.6 
5 10405 40.6 
5 10406 34.5 
5 10407 46.7 
5 10408 50.9 
5 10409 41.5 
5 10410 44.9 
5 10411 58.4 
5 10412 37.4 
5 10413 38.3 
5 10414 42.1 
5 10506 27.7 
5 10507 29.8 
5 10508 32.8 
5 10509 31.9 
5 10510 44.7 
5 10511 49.5 
5 10512 39.9 
5 10513 39.3 
5 10514 39.8 
5 10607 28.7 
5 10608 34.5 
5 10609 30.5 
5 10610 41.6 
5 10611 41.1 
5 10612 33.2 
5 10613 38.1 
5 10614 44.6 
5 10708 28.0 
5 10709 36.2 
J J Loe Cut Ent Yield 
7 10 2 5 10710 46.5 
7 1 1 2 
7 12 2 
7 13 2 
7 14 2 
8 9 2 
8 10 2 
8 1 1 2 
8 12 2 
8 13 2 
8 14 2 
9 10 2 
9 11 2 
9 12 2 
9 13 2 
9 14 2 
10 11 2 
10 12 2 
10 13 2 
10 14 2 
11 12 2 
11 13 2 
11 14 2 
12 13 2 
12 14 2 
13 14 2 
1 1 2 
2 2 2 
3 3 2 
4 4 2 
5 5 2 
6 6 2 
7 7 2 
8 8 2 
9 9 2 
10 10 2 
11 11 2 
12 12 2 
13 13 2 
14 14 2 
0 0 2 
0 0 2 
0 0 2 
5 10711 40.6 
5 10712 36.0 
5 10713 40.3 
5 10714 39.3 
5 10809 43.1 
5 10810 39.3 
5 10811 45.2 
5 10812 32.2 
5 10813 40.1 
5 10814 39.9 
5 10910 43.7 
5 10911 46.0 
5 10912 32.6 
5 10913 36.3 
5 10914 42.5 
5 11011 49.0 
5 11012 28.3 
5 11013 34.0 
5 11014 23.1 
5 11112 35.3 
5 11113 33.8 
5 11114 27.6 
5 11213 22.6 
5 11214 31.8 
5 11314 26.0 
5 20001 26.1 
5 20002 25.4 
5 20003 14.5 
5 20004 24.7 
5 20005 23.6 
5 20006 18.6 
5 20007 12.4 
5 20008 20.2 
5 20009 26.3 
5 20010 8.3 
5 20011 30.6 
5 20012 18.5 
5 20013 25.6 
5 20014 33.6 
5 30001 41.8 
5 30002 50.9 
5 30003 26.0 
Appendix A continued 
1 J Loe Cut Ent Yield 
0 0 2 5 3 0004 4 1. 1 
0 0 2 5 30005 30.8 
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APPENDIX B: HEIGHT AND MATURITY MEANS 
Location-measurement date combination least square means for height (cm) (Hgt) 
and Maturity (score 1 to 9) (Mat). Cross combinations are designated (J, .J). Parental entries 
are designated (J = .J), check entries have J and J = 0. I and J correspond to genotypes as 
follows: ABI408 (1), ABI311 (2), ABI419 (3), ABI314 (4), C96-514 (5), C96-673 (6), C96-
513 (7), FW-92-118 (8), RP-93-377 (9), WISFAL-4 (10), WISFAL-6 (11), C25-6 (12), 
PI214218-1 (13), and PI502453-1 (14). Check varieties correspond to entry number (Ent) as 
follows: Lodak (30001), Vernal (30002), 5454 (30003), Innovator +Z (30004), and 
Legendairy (30005). Location (Loe) code numbers are: Ames (1) and Nashua (2). 
Measurement dates (MD) are: May/June 1999 (1 ), July 1999 (2), and September (3). 
I J Loe Md Ent Hgt Mt I J Loe Md Ent Hgt Mt I J Loe Md Ent Hgt Mt 
2 1 1 10102 50.4 4.1 2 14 1 1 10214 46.2 3.8 5 8 1 1 10508 55.4 3.9 
3 1 10103 54.9 3.9 3 4 1 10304 50.2 3.5 5 9 1 10509 53.6 4.1 
4 10104 47.3 3.9 3 5 1 10305 56.3 3.9 5 10 1 10510 48.7 3.4 
5 10105 51.5 3.8 3 6 1 10306 50.2 3.6 5 11 10511 55.0 3.6 
6 1 10106 49.2 4.3 3 7 1 10307 56.5 4.1 5 12 1 10512 45.2 3.9 
7 10107 54.0 3.8 3 8 1 10308 59.9 4.2 5 13 10513 44.4 4.0 
8 10108 53.0 4.5 3 9 10309 58.7 4.1 5 14 10514 47.1 3.5 
9 1 10109 51.7 3.8 3 10 1 10310 56.1 3.5 6 7 1 10607 55.7 3.7 
1 10 10110 53.6 3.2 3 11 10311 62.0 3.9 6 8 1 10608 54.9 3.7 
1 11 10111 57.5 3.5 3 12 10312 46.0 4.4 6 9 1 10609 53.7 4.1 
1 12 1 1 10112 45.9 4.5 3 13 1 10313 45.3 4.2 6 10 1 1 10610 50.3 3.6 
1 13 1 1 10113 48.4 4.0 3 14 10314 52.9 3.7 6 11 1 1 10611 56.5 3.6 
1 14 1 10114 45.9 3.8 4 5 10405 48.8 3.9 6 12 1 10612 42.5 3.9 
2 3 10203 49.7 4.0 4 6 10406 52.4 3.7 6 13 1 10613 47.5 3.7 
2 4 10204 49.7 4.2 4 7 10407 50.3 3.1 6 14 1 10614 46.9 3.4 
2 5 10205 51.3 3.8 4 8 10408 55.0 4.0 7 8 10708 52.6 4.1 
2 6 1 10206 51.8 4.4 4 9 1 10409 56.2 3.9 7 9 10709 59.3 3.8 
2 7 10207 54.9 4.2 4 10 1 10410 54.5 3.4 7 10 10710 54.7 3.3 
2 8 10208 52.7 4.4 4 11 1 1 10411 54.9 3.3 7 11 1 10711 56.5 3.1 
2 9 10209 53.2 4.0 4 12 1 10412 46.0 4.4 7 12 1 10712 47.1 4.0 
2 10 10210 48.8 3.1 4 13 10413 43.3 4.0 7 13 1 10713 52.8 4.0 
2 11 10211 54.9 3.7 4 14 10414 43.4 3.4 7 14 10714 53.2 3.1 
2 12 10212 45.3 4.5 5 6 10506 50.1 3.6 8 9 10809 51.8 4.0 
2 13 1 1 10213 46.0 3.7 5 7 1 10507 50.1 3.6 8 10 1 1 10810 55.5 4.0 
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Appendix B continued 
1 J Loe Md Ent Hgt Mt 1 J Loe Md Ent Hgt Mt 1 J Loe Md Ent Hgt Mt 
8 11 1 1 10811 61.7 3.8 7 2 1 10107 52.0 4.3 5 8 2 1 10508 49.7 4.8 
8 12 1 1 10812 49.9 4.5 8 2 10108 55.0 5.4 5 9 2 10509 57.9 5.1 
8 13 1 10813 50.9 4.2 9 2 10109 55.5 4.9 5 10 2 10510 48.7 4.3 
8 14 10814 49.7 4.3 10 2 10110 53.0 4.1 5 11 2 10511 53.3 4.5 
9 10 10910 55.6 3.8 11 2 10111 58.7 4.4 5 12 2 10512 42.3 4.8 
9 11 10911 57.5 3.8 12 2 10112 45.1 5.4 5 13 2 10513 49.6 4.7 
9 12 10912 46.6 4.5 13 2 10113 51.9 4.9 5 14 2 10514 56.2 4.5 
9 13 10913 50.3 3.9 14 2 10114 59.0 4.7 6 7 2 10607 52.7 4.6 
9 14 10914 54.4 3.7 2 3 2 10203 52.4 5.0 6 8 2 10608 53.1 4.6 
10 11 11011 46.0 2.8 2 4 2 1 10204 46.6 5.3 6 9 2 1 10609 55.5 4.9 
10 12 11012 48.5 3.5 2 5 2 10205 46.2 4.3 6 10 2 10610 48.8 4.5 
10 13 11013 46.0 3.0 2 6 2 10206 48.6 5.3 6 11 2 10611 63.9 4.5 
10 14 11014 45.7 3.0 2 7 2 10207 48.5 4.7 6 12 2 10612 48.2 4.8 
11 12 11112 47.8 3.5 2 8 2 10208 53.3 5.3 6 13 2 10613 54.6 4.6 
11 13 11113 50.6 3.0 2 9 2 10209 55.4 5.4 6 14 2 10614 54.5 4.4 
11 14 11114 45.1 2.3 2 10 2 10210 45.2 4.3 7 8 2 10708 50.9 5.0 
12 13 11213 38.6 3.8 2 11 2 10211 57.8 4.6 7 9 2 10709 56.8 4.5 
12 14 11214 37.1 3.5 2 12 2 10212 45.9 5.4 7 10 2 10710 52.7 4.2 
13 14 11314 43.1 2.8 2 13 2 10213 48.8 4.6 7 11 2 10711 57.8 4.0 
1 1 20001 49.3 3.2 2 14 2 10214 54.6 4.8 7 12 2 1 10712 50.6 4.9 
2 2 1 20002 44.0 3.6 3 4 2 10304 52.8 4.5 7 13 2 1 10713 55.1 4.9 
3 3 1 20003 49.1 3.8 3 5 2 10305 57.7 4.6 7 14 2 1 10714 61.9 4.0 
4 4 1 20004 36.2 2.2 3 6 2 10306 55.0 4.5 8 9 2 10809 53.2 4.9 
5 5 20005 41.8 3.3 3 7 2 10307 55.5 5.0 8 10 2 10810 56.6 4.9 
6 6 20006 51.6 3.5 3 8 2 10308 54.4 5.1 8 11 2 10811 67.7 4.9 
7 7 20007 46.1 3.8 3 9 2 10309 58.8 5.0 8 12 2 10812 50.9 5.4 
8 8 20008 48.1 4.3 3 10 2 10310 59.9 4.4 8 13 2 10813 55.7 5.1 
9 9 20009 56.1 3.6 3 11 2 10311 58.4 4.8 8 14 2 10814 59.3 5.2 
10 10 20010 38.8 2.2 3 12 2 10312 51.6 5.1 9 10 2 10910 53.4 4.8 
11 11 20011 51.2 3.1 3 13 2 10313 53.5 5.1 9 11 2 10911 63.5 4.7 
12 12 20012 23.0 3.2 3 14 2 10314 62.9 4.6 9 12 2 10912 49.6 5.4 
13 13 20013 46.0 3.7 4 5 2 10405 45.9 4.8 9 13 2 10913 57.4 4.8 
14 14 20014 31.4 2.2 4 6 2 10406 50.6 4.6 9 14 2 10914 60.7 4.6 
0 0 30001 50.6 3.2 4 7 2 1 10407 49.2 4.6 10 11 2 11011 51.9 3.5 
0 0 30002 53.8 4.0 4 8 2 10408 50.6 5.0 10 12 2 11012 46.8 4.7 
0 0 30003 49.1 4.1 4 9 2 10409 50.5 5.0 10 13 2 11013 50.5 3.9 
0 0 30004 47.6 3.3 4 10 2 10410 50.9 4.3 10 14 2 11014 55.5 3.9 
0 0 1 30005 53.9 4.0 4 11 2 10411 43.1 4.3 11 12 2 11112 49.8 5.0 
1 2 2 10102 53.6 4.8 4 12 2 10412 43.4 5.7 11 13 2 11113 54.3 3.9 
3 2 10103 59.3 4.8 4 13 2 10413 43.9 4.9 11 14 2 11114 50.1 3.3 
4 2 10104 47.7 5.2 4 14 2 10414 50.4 4.3 12 13 2 11213 39.1 4.7 
5 2 10105 49.6 4.6 5 6 2 10506 45.6 4.2 12 14 2 11214 37.6 4.4 
6 2 10106 50.5 5.2 5 7 2 10507 48.2 4.3 13 14 2 11314 53.3 3.7 
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Appendix B continued 
I J Loe Md Ent Hgt Mt I J Loe Md Ent Hgt Mt I J Loe Md Ent Hgt Mt 
1 2 1 20001 34.6 3.7 2 14 1 2 10214 37.1 5.1 7 12 1 2 10712 45.1 6.0 
2 2 2 1 20002 35.6 4.5 3 4 2 10304 41.9 6.0 7 13 1 2 10713 46.3 5.4 
3 3 2 20003 44.3 4.7 3 5 2 10305 47.9 6.0 7 14 2 10714 40.8 4.8 
4 4 2 1 20004 27.9 3.1 3 6 2 10306 38.6 6.0 8 9 2 10809 46.4 5.8 
5 5 2 20005 27.8 4.2 3 7 2 10307 44.6 6.0 8 10 2 10810 41.8 5.3 
6 6 2 20006 51.4 4.4 3 8 1 2 10308 45.9 6.0 8 11 2 10811 47.2 5.0 
7 7 2 20007 26.4 4.7 3 9 1 2 10309 44.7 5.9 8 12 2 10812 43.6 6.0 
8 8 2 20008 39.5 5.2 3 10 2 10310 44.0 5.3 8 13 2 10813 44.0 5.6 
9 9 2 20009 50.5 4.5 3 11 2 10311 44.3 5.1 8 14 2 10814 39.2 5.3 
10 10 2 20010 30.7 3.1 3 12 2 10312 37.6 5.5 9 10 2 10910 44.0 4.8 
11 11 2 20011 44.1 4.0 3 13 2 10313 40.1 5.3 9 11 2 10911 46.4 4.6 
12 12 2 20012 26.7 3.8 3 14 2 10314 41.2 5.1 9 12 2 10912 39.4 5.5 
13 13 2 20013 50.0 4.6 4 5 2 10405 45.5 5.7 9 13 2 10913 42.9 5.1 
14 14 2 20014 46.5 3.1 4 6 2 10406 39.7 6.0 9 14 2 10914 41.6 5.0 
0 0 2 30001 52.1 4.1 4 7 2 10407 42.5 6.0 10 11 2 11011 32.9 3.9 
0 0 2 30002 55.0 5.5 4 8 2 10408 44.1 6.0 10 12 2 11012 34.2 4.8 
0 0 2 30003 48.9 5.1 4 9 2 10409 42.9 6.0 10 13 2 11013 34.3 3.7 
0 0 2 30004 50.3 3.8 4 10 2 10410 44.4 5.3 10 14 2 11014 33.9 4.0 
0 0 2 30005 49.1 4.9 4 11 2 10411 46.3 4.9 11 12 2 11112 37.2 4.9 
2 1 2 10102 39.6 5.9 4 12 2 10412 41.4 5.9 11 13 2 11113 39.3 4.1 
3 2 10103 43.2 6.0 4 13 2 10413 42.4 5.5 11 14 2 11114 35.7 4.0 
4 2 10104 43.4 5.9 4 14 2 10414 41.6 5.1 12 13 2 11213 30.3 5.1 
5 2 10105 45.9 5.9 5 6 2 10506 40.8 5.8 12 14 2 11214 29.8 4.9 
6 2 10106 41.0 6.0 5 7 2 10507 45.4 6.0 13 14 2 11314 34.3 4.7 
7 1 2 10107 47.1 5.8 5 8 2 10508 46.3 5.8 1 2 20001 39.9 5.8 
8 1 2 10108 46.7 6.0 5 9 2 10509 43.8 6.0 2 2 2 20002 35.3 5.9 
9 2 10109 45.3 5.6 5 10 2 10510 38.3 5.1 3 3 2 20003 38.5 6.0 
10 2 10110 42.8 4.9 5 11 2 10511 46.2 4.7 4 4 2 20004 30.4 5.1 
11 2 10111 47.2 4.4 5 12 2 10512 40.6 5.7 5 5 2 20005 42.0 6.1 
12 2 10112 40.6 5.5 5 13 2 10513 41.0 5.0 6 6 2 20006 40.3 6.0 
13 2 10113 38.6 4.9 5 14 2 10514 42.1 4.8 7 7 2 20007 40.3 6.0 
14 2 10114 41.9 4.9 6 7 2 10607 41.5 6.0 8 8 2 20008 38.4 5.7 
2 3 2 10203 39.4 5.9 6 8 2 10608 43.1 5.6 9 9 1 2 20009 44.1 5.9 
2 4 2 10204 41.0 6.0 6 9 2 10609 41.9 5.5 10 10 1 2 20010 28.7 2.6 
2 5 2 10205 42.4 6.0 6 10 2 10610 39.6 5.3 11 11 2 20011 36.6 4.2 
2 6 2 10206 37.4 5.8 6 11 2 10611 42.9 4.9 12 12 2 20012 22.9 5.3 
2 7 2 10207 45.0 5.9 6 12 2 10612 41.4 5.8 13 13 2 20013 36.2 5.2 
2 8 2 10208 43.5 5.9 6 13 2 10613 42.9 5.6 14 14 2 20014 28.3 5.0 
2 9 2 10209 40.6 5.7 6 14 2 10614 39.4 5.2 0 0 2 30001 38.0 4.9 
2 10 2 10210 39.1 5.1 7 8 2 10708 47.4 6.1 0 0 1 2 30002 41.6 5.4 
2 11 2 10211 39.0 4.7 7 9 2 10709 48.5 6.0 0 0 1 2 30003 44.5 5.9 
2 12 2 10212 38.4 5.6 7 10 2 10710 45.6 4.8 0 0 1 2 30004 43.6 5.5 
2 13 2 10213 40.5 5.1 7 11 2 10711 50.8 4.7 0 0 1 2 30005 42.5 5.6 
Appendix B continued 
I J Loe Md Ent Hgt Mt 
2 2 2 10102 31.7 5.0 











1 14 2 
2 3 2 
2 4 2 
2 5 2 
2 6 2 
2 7 2 
2 8 2 
2 9 2 
2 1 0 104 3 0. 7 5 .1 
2 10105 30.9 4.9 
2 10106 31.3 4.9 
2 10107 31. 9 5. 0 
2 10108 34.6 5.0 
2 10109 35.1 4.6 
2 10110 25.7 2.4 
2 10111 26.5 2.6 
2 10112 24.8 4.1 
2 10113 26.0 4.1 
2 10114 26.6 2.6 
2 10203 33.6 5.4 
2 10204 34.7 5.0 
2 10205 32.4 4.9 
2 10206 30.4 5.1 
2 10207 28.5 5 .0 
2 10208 31.8 4.4 
2 10209 34.3 4.6 
2 10 2 2 10210 27.0 2.9 
2 11 2 2 10211 28.7 3.9 
2 12 2 2 10212 22.3 4.8 
2 13 2 
2 14 2 
3 4 2 
3 5 2 
3 6 2 
3 7 2 
3 8 2 
3 9 2 
3 10 2 
3 11 2 
3 12 2 
3 13 2 
3 14 2 
4 5 2 
4 6 2 
4 7 2 
4 8 2 
4 9 2 
4 10 2 
2 10213 24.0 4.0 
2 10214 23.0 4.0 
2 10304 32.9 5.0 
2 10305 33.6 4.9 
2 10306 32.0 5.1 
2 10307 34.9 5.0 
2 10308 33.3 5.0 
2 10309 33.4 4.7 
2 10310 29.4 3.9 
2 10311 29.4 4.1 
2 10312 26.6 5.0 
2 10313 27.9 4.4 
2 10314 25.7 3.4 
2 10405 30.9 5.0 
2 10406 33.8 5.0 
2 10407 33.4 4.9 
2 10408 38.2 4.8 
2 10409 32.3 4.9 
2 10410 27.3 3.9 
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I J Loe Md Ent Hgt Mt 
4 12 2 2 10412 25.3 4.8 
4 13 2 2 1 0413 2 8. 7 4 .1 
4 14 2 
5 6 2 
5 7 2 
5 8 2 
5 9 2 
5 10 2 
5 11 2 
5 12 2 
2 10414 19.5 3.8 
2 10506 27 .6 4.4 
2 10507 30.5 4.8 
2 10508 33.1 4.6 
2 10509 33.0 4.8 
2 10510 28.3 3.3 
2 10511 28.9 3.8 
2 10512 24.9 3.9 
5 13 2 2 10513 24.0 4.1 
5 14 2 2 10514 24.9 3.4 
6 7 2 2 10607 31.9 4.5 
6 8 2 2 10608 32.4 4.4 
6 9 2 2 10609 31.6 4.6 
6 IO 2 2 10610 30.2 3.5 
6 11 2 2 10611 32.1 3.6 
6 12 2 2 10612 28.1 3.9 
6 13 2 2 10613 25.9 4.3 
6 14 2 2 10614 25.3 3.8 
7 8 2 2 10708 32.5 5.0 
7 9 2 2 10709 30.3 4.3 
7 10 2 2 10710 28.5 2.9 
7 11 2 2 10711 25.3 3.4 
7 12 2 2 10712 27.1 4.8 
7 13 2 2 10713 27.5 4.3 
7 14 2 2 10714 26.4 4.0 
8 9 2 2 10809 30.9 3.4 
8 IO 2 2 10810 30.7 3.1 
8 11 2 2 10811 30.9 3.8 
8 12 2 2 10812 28.2 4.4 
8 13 2 2 10813 27.3 4.0 
8 14 2 2 10814 25.4 3.4 
9 10 2 2 10910 29.1 2.6 
9 11 2 2 10911 30.5 2.6 
9 12 2 2 10912 25.2 4.4 
9 13 2 2 10913 26.5 3.1 
9 14 2 2 10914 25.9 3.3 
10 11 2 2 11011 19.5 2.3 
10 12 2 2 11012 20.0 2.4 
10 13 2 2 11013 19.2 2.3 
10 14 2 2 11014 16.3 2.1 
I J Loe Md Ent Hgt Mt 
11 13 2 2 11113 17.3 2.0 
11 14 2 2 11114 16.1 2.1 
12 13 2 
12 14 2 
13 14 2 
2 
2 2 2 
3 3 2 
4 4 2 
5 5 2 
6 6 2 
7 7 2 
8 8 2 
9 9 2 
IO 10 2 
11 11 2 
12 12 2 
13 13 2 
14 14 2 
0 0 2 
0 0 2 
0 0 2 
0 0 2 














2 3 1 
2 4 1 
2 5 l 
2 6 l 
2 7 1 
2 11213 16.3 3.7 
2 11214 15.7 3.4 
2 11314 14.7 2.0 
2 20001 18.3 4.1 
2 20002 22.6 4.9 
2 20003 28.5 5.0 
2 20004 14.8 2.3 
2 20005 23.7 3.6 
2 20006 30.5 5.0 
2 20007 17.2 2.9 
2 20008 20.9 3.6 
2 20009 30.3 3.9 
2 20010 11.8 2.0 
2 20011 17.9 2.1 
2 20012 11.6 3.9 
2 20013 15.7 2.3 
2 20014 10.2 2.0 
2 30001 27 .0 4.0 
2 30002 32.0 3.8 
2 30003 30.2 3.8 
2 30004 29.1 4.5 
2 30005 3 1.6 4.5 
3 10102 39.6 6.4 
3 10103 43.2 6.6 
3 10104 43.4 6.7 
3 10105 45.9 6.5 
3 10106 41.0 7.0 
3 10107 47.1 6.6 
3 10108 46.7 6.2 
3 10109 45.3 6.1 
3 10110 42.8 6.0 
3 10 1 11 4 7 .2 5. 7 
3 10112 40.6 6.3 
3 10113 38.6 6.0 
3 10114 41.9 4.6 
3 10203 39.4 6.8 
3 10204 41.0 7.0 
3 10205 42.4 7.0 
3 10206 37.4 6.9 
3 10207 45.0 6.7 
4 11 2 2 10411 24.3 3.3 11 12 2 2 11112 17.6 3.0 2 8 l 3 10208 43.5 6.5 
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Appendix B continued 
I J Loe Md Ent Hgt Mt I J Loe Md Ent Hgt Mt I J Loe Md Ent Hgt Mt 
2 9 1 3 10209 40.6 6.4 6 14 1 3 10614 39.4 3.7 0 0 1 3 30001 38.0 5.0 
2 10 1 3 10210 39.1 5.9 7 8 3 10708 47.4 6.6 0 0 3 30002 41.6 5.9 
2 11 1 3 10211 39.0 6.5 7 9 3 10709 48.5 6.4 0 0 3 30003 44.5 6.0 
2 12 3 10212 38.4 6.2 7 10 3 10710 45.6 6.2 0 0 3 30004 43.6 6.7 
2 13 3 10213 40.5 5.8 7 11 3 10711 50.8 6.0 0 0 3 30005 42.5 5.9 
2 14 3 10214 37.1 5.0 7 12 3 10712 45.1 6.3 2 2 3 10102 31.7 6.2 
3 4 3 10304 41.9 7.4 7 13 3 10713 46.3 5.7 3 2 3 10103 33.1 6.8 
,., 5 3 10305 47.9 7.1 7 14 3 10714 40.8 4.4 4 2 3 10104 30.7 6.4 .) 
3 6 3 10306 38.6 6.9 8 9 3 10809 46.4 5.8 5 2 3 10105 30.9 4.8 
3 7 3 10307 44.6 6.7 8 10 3 10810 41.8 6.0 6 2 3 10106 31.3 4.6 
3 8 3 10308 45.9 6.7 8 11 3 10811 47.2 5.8 7 2 3 10107 31.9 3.7 
3 9 3 10309 44.7 6.7 8 12 3 10812 43.6 6.3 8 2 3 10108 34.6 5.0 
3 10 3 10310 44.0 6.1 8 13 3 10813 44.0 5.8 9 2 3 10109 35.1 4.8 
3 11 3 10311 44.3 6.4 8 14 3 10814 39.2 4.3 10 2 3 10110 25.7 3.9 
3 12 3 10312 37.6 6.2 9 10 3 10910 44.0 6.0 11 2 3 10111 26.5 4.5 
3 13 1 . 3 10313 40.1 5.8 9 11 1 3 10911 46.4 5.2 12 2 3 10112 24.8 5.0 
3 14 3 10314 41.2 4.6 9 12 1 3 10912 39.4 6.1 13 2 3 10113 26.0 5.0 
4 5 3 10405 45.5 7.0 9 13 3 10913 42.9 5.5 14 2 3 10114 26.6 3.9 
4 6 3 10406 39.7 6.9 9 14 1 3 10914 41.6 3.1 2 3 2 3 10203 33.6 6.5 
4 7 3 10407 42.5 7.1 10 11 1 3 11011 32.9 4.6 2 4 2 3 10204 34.7 7.0 
4 8 3 10408 44.1 6.9 10 12 3 11012 34.2 5.6 2 5 2 3 10205 32.4 5.6 
4 9 3 10409 42.9 6.9 10 13 3 11013 34.3 4.4 2 6 2 3 10206 30.4 5.7 
4 10 3 10410 44.4 6.0 10 14 3 11014 33.9 3.7 2 7 2 3 10207 28.5 5.7 
4 11 3 10411 46.3 6.4 11 12 3 11112 37.2 5.0 2 8 2 3 10208 31.8 5.1 
4 12 3 10412 41.4 6.3 11 13 3 11113 39.3 4.1 2 9 2 3 10209 34.3 5.8 
4 13 3 10413 42.4 5.4 11 14 3 11114 35.7 2.9 2 10 2 3 10210 27.0 4.8 
4 14 3 10414 41.6 4.7 12 13 3 11213 30.3 5.2 2 11 2 3 10211 28.7 5.2 
5 6 3 10506 40.8 6.9 12 14 3 11214 29.8 3.8 2 12 2 3 10212 22.3 5.8 
5 7 3 10507 45.4 6.9 13 14 3 11314 34.3 3.0 2 13 2 3 10213 24.0 4.7 
5 8 3 10508 46.3 6.5 1 3 20001 39.9 6.3 2 14 2 3 10214 23.0 4.3 
5 9 3 10509 43.8 6.8 2 2 3 20002 35.3 6.8 3 4 2 3 10304 32.9 6.3 
5 10 3 10510 38.3 6.2 3 3 3 20003 38.5 7.6 3 5 2 3 10305 33.6 6.0 
5 11 3 10511 46.2 6.1 4 4 3 20004 30.4 5.9 3 6 2 3 10306 32.0 5.1 
5 12 3 10512 40.6 6.4 5 5 3 20005 42.0 7.2 3 7 2 3 10307 34.9 5.7 
5 13 3 10513 41.0 5.6 6 6 3 20006 40.3 7.7 3 8 2 3 10308 33.3 5.6 
5 14 3 10514 42.1 4.9 7 7 3 20007 40.3 6.9 3 9 2 3 10309 33.4 5.1 
6 7 3 10607 41.5 6.7 8 8 3 20008 38.4 6.2 3 10 2 3 10310 29.4 5.4 
6 8 3 10608 43.1 6.4 9 9 3 20009 44.1 6.7 3 11 2 3 10311 29.4 5.0 
6 9 3 10609 41.9 5.8 10 10 3 20010 28.7 4.0 3 12 2 3 10312 26.6 5.6 
6 IO 3 10610 39.6 5.8 11 11 3 20011 36.6 4.7 3 13 2 3 10313 27.9 4.8 
6 11 3 10611 42.9 5.1 12 12 3 20012 22.9 5.5 3 14 2 3 10314 25.7 4.8 
6 12 3 10612 41.4 5.8 13 13 3 20013 36.2 4.8 4 5 2 3 10405 30.9 6.9 
6 13 3 10613 42.9 4.4 14 14 3 20014 28.3 2.1 4 6 2 3 10406 33.8 5.7 
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Appendix B continued 
I J Loe Md Ent Hgt Mt I J Loe Md Ent Hgt Mt 
4 7 2 3 10407 33.4 6.0 10 11 2 3 11011 19.5 3.9 
4 8 2 
,., 10408 38.2 6.6 10 12 2 3 11012 20.0 4.8 .) 
4 9 2 3 10409 32.3 5.7 10 13 2 3 11013 19.2 3.1 
4 10 2 3 10410 27.3 4.7 10 14 2 3 11014 16.3 2.0 
4 11 2 3 10411 24.3 4.4 11 12 2 3 11112 17.6 3.7 
4 12 2 3 10412 25.3 6.1 11 13 2 3 11113 17.3 3.4 
4 13 2 3 10413 28.7 4.2 11 14 2 3 11114 16.1 2.1 
4 14 2 3 10414 19.5 3.7 12 13 2 3 11213 16.3 4.0 
5 6 2 3 10506 27.6 4.7 12 14 2 3 11214 15.7 2.5 
5 7 2 3 10507 30.5 4.0 13 14 2 3 11314 14.7 2.6 
5 8 2 3. 10508 33.l 4.7 1 2 3 20001 18.3 5.2 
5 9 2 3 10509 33.0 5.2 2 2 2 3 20002 22.6 5.9 
5 10 2 3 10510 28.3 4.9 3 3 2 3 20003 28.5 6.0 
5 11 2 3 10511 28.9 4.1 4 4 2 3 20004 14.8 4.1 
5 12 2 3 10512 24.9 5.8 5 5 2 3 20005 23.7 4.7 
5 13 2 3 10513 24.0 4.6 6 6 2 3 20006 30.5 3.3 
5 14 2 3 10514 24.9 4.7 7 7 2 3 20007 17.2 3.6 
6 7 2 3 10607 31.9 4.0 8 8 2 3 20008 20.9 4.2 
6 8 2 3 10608 32.4 4.7 9 9 2 3 20009 30.3 3.2 
6 9 2 3 10609 31.6 4.3 10 10 2 3 20010 11.8 2.2 
6 10 2 3 10610 30.2 4.3 11 11 2 3 20011 17.9 2.6 
6 11 2 3 10611 32.1 4.5 12 12 2 3 20012 11.6 4.9 
6 12 2 3 10612 28.1 4.4 13 13 2 3 20013 15.7 3.1 
6 13 2 3 10613 25.9 4.4 14 14 2 3 20014 10.2 2.4 
6 14 2 3 10614 25.3 3.5 0 0 2 3 30001 27.0 3.6 
7 8 2 3 10708 32.5 4.4 0 0 2 3 30002 32.0 4.8 
7 9 2 3 10709 30.3 2.7 0 0 2 3 30003 30.2 4.3 
7 10 2 3 10710 28.5 4.2 0 0 2 3 30004 29.1 4.5 
7 11 2 3 10711 25.3 3.5 0 0 2 3 30005 31.6 3.6 
7 12 2 3 10712 27.1 5.4 
7 13 2 3 10713 27.5 5.1 
7 14 2 3 10714 26.4 3.1 
8 9 2 3 10809 30.9 3.5 
8 10 2 3 10810 30.7 5.2 
8 11 2 3 10811 30.9 4.8 
8 12 2 3 10812 28.2 5.2 
8 13 2 3 10813 27.3 4.1 
8 14 2 3 10814 25.4 3.5 
9 10 2 3 10910 29.1 4.2 
9 11 2 3 10911 30.5 4.0 
9 12 2 3 10912 25.2 4.0 
9 13 2 3 10913 26.5 4.1 
9 14 2 3 10914 25.9 2.7 
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APPENDIX C: REGROWTH, GROWTH HABIT, AND YEARLY YIELD MEANS 
Location-measurement date combination least square means for regrowth (score 1 to 
5) (Rg), growth habit (score 1 to 9) (Gh), and total yearly yield (g/plant) (Tyld). Cross 
combinations are designated (J, J). Parental entries are designated (J = J), check entries have J 
and J = 0. I and J correspond to genotypes as follows: ABI408 (1), ABI31 l (2), ABI419 (3), 
ABI314 (4), C96-514 (5), C96-673 (6), C96-513 (7), FW-92-118 (8), RP-93-377 (9), 
WISFAL-4 (10), WISFAL-6 (11), C25-6 (12), PI214218-l (13), and PI502453-l (14). 
Check varieties correspond to entry number (Ent) as follows: Lodak (30001), Vernal 
(30002), 5454 (30003), Innovator +Z (30004), and Legendairy (30005). Location (Loe) code 
numbers are: Ames (1) and Nashua (2). Measurement dates (Md) for: regrowth are June 
1999 (1) and July 1999 (2); growth habit are June 1999 (1) and September 1999 (2); and total 
yearly yield are 1998 (1) and 1999 (2). 
I J Loe Md Ent RG GH Tyld I J Loe Md Ent RG GH Tyld 
2 1 1 10102 3.4 4.9 72.7 2 10 1 1 10210 3.0 5.0 71.1 
3 1 10103 3.2 5.8 55.5 2 11 1 1 10211 2.4 5.4 67.7 
1 4 10104 3.2 4.7 62.8 2 12 1 10212 2.8 4.4 70.6 
1 5 10105 4.1 5.3 61.4 2 13 1 10213 2.4 4.3 78.1 
1 6 1 10106 4.3 5.0 52.1 2 14 1 1 10214 2.2 3.7 76.4 
7 10107 3.7 5.0 68.7 3 4 1 1 10304 3.1 4.9 48.7 
8 10108 4.0 5.9 69.8 3 5 1 10305 4.5 6.8 45.4 
9 1 1 10109 3.7 5.4 70.3 3 6 1 10306 4.4 5.2 37.2 
1 10 1 1 10110 2.2 5.0 64.3 3 7 1 10307 3.8 6.0 42.7 
11 1 1 10111 2.5 5.1 77.7 3 8 1 1 10308 4.0 6.4 42.5 
12 1 1 10112 2.7 4.1 70.9 3 9 1 1 10309 3.6 6.5 44.3 
1 13 1 1 10113 1.7 4.5 70.3 3 10 1 1 10310 2.2 4.8 41.4 
1 14 1 10114 2.3 3.9 72.3 3 11 1 10311 2.6 5.2 50.4 
2 3 10203 3.3 5.4 59.4 3 12 1 10312 2.0 4.5 33.4 
2 4 1 10204 3.4 5.1 65.2 3 13 1 1 10313 2.3 4.8 37.8 
2 5 1 10205 4.7 5.2 75.3 3 14 1 1 10314 2.1 4.2 55.9 
2 6 10206 4.3 5.7 59.0 4 5 1 1 10405 3.3 4.8 56.4 
2 7 10207 3.2 5.9 66.6 4 6 1 1 10406 3.8 4.7 53.4 
2 8 10208 4.0 6.0 56.1 4 7 1 1 10407 3.5 4.7 53.4 
2 9 1 10209 3.8 6.0 71.0 4 8 1 10408 4.1 5.6 62.4 
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Appendix C continued 
I J Loe Md Ent RG GH Tyld I J Loe Md Ent RG GH Tyld 
4 9 1 1 10409 3.9 5.7 68.6 10 13 1 1 11013 1.2 4.3 57.4 
4 10 1 1 10410 2.3 4.2 63.3 10 14 I I 11014 0.9 4.0 39.3 
4 11 10411 2.0 4.6 45.8 11 12 1 11112 2.1 3.7 52.9 
4 12 10412 2.3 4.0 60.1 11 13 1 11113 1.7 4.8 53.8 
4 13 10413 1.7 3.9 74.1 11 14 11114 1.9 2.6 39.1 
4 14 1 10414 1.5 2.9 60.9 12 13 11213 1.2 3.7 59.9 
5 6 1 10506 4.9 5.5 50.5 12 14 11214 1.5 2.8 50.9 
5 7 10507 4.5 5.6 52.8 13 14 11314 1.5 2.8 57.1 
5 8 1 10508 4.6 6.1 54.1 20001 2.8 5.7 67.6 
5 9 10509 4.5 6.2 58.2 2 2 20002 3.5 5.0 65.3 
5 10 10510 2.7 5.0 47.7 3 3 20003 3.1 5.8 26.3 
5 11 10511 2.7 5.1 53.1 4 4 20004 3.2 3.5 39.5 
5 12 10512 3.6 4.0 57.0 5 5 20005 4.0 4.9 36.8 
5 13 10513 2.7 4.4 60.1 6 6 20006 4.9 5.3 41.7 
5 14 10514 2.5 4.4 60.2 7 7 20007 3.4 4.9 45.1 
6 7 1 1 10607 4.8 5.5 47.2 8 8 20008 4.1 5.3 38.3 
6 8 1 10608 4.8 5.3 47.7 9 9 1 20009 4.2 6.2 49.8 
6 9 10609 4.3 6.1 53.3 10 10 1 20010 1.3 5.0 44.1 
6 10 1 10610 2.9 4.6 54.1 11 11 20011 1.8 5.1 36.0 
6 11 10611 3.1 5.0 50.6 12 12 20012 2.4 1.4 56.1 
6 12 1 10612 3.4 4.0 50.2 13 13 1 20013 1.1 3.5 73.0 
6 13 1 10613 2.3 4.8 57.8 14 14 1 20014 2.1 0.9 46.0 
6 14 1 10614 2.2 3.9 56.7 0 0 30001 2.7 4.7 33.1 
7 8 10708 4.5 5.8 53.3 0 0 30002 3.3 6.0 38.5 
7 9 10709 4.5 6.5 69.1 0 0 30003 4.2 5.7 38.0 
7 10 10710 2.9 5.1 74.0 0 0 30004 4.1 5.5 61.5 
7 11 1 10711 3.0 4.9 69.3 0 0 1 30005 4.0 5.6 44.0 
7 12 1 10712 3.5 4.4 63.8 2 2 10102 3.7 5.0 49.6 
7 13 10713 2.5 4.8 81.8 3 2 10103 4.1 5.9 40.2 
7 14 10714 2.1 4.7 60.0 4 2 1 10104 3.3 5.0 39.4 
8 9 10809 4.2 6.4 66.4 1 5 2 1 10105 3.7 5.3 47.9 
8 10 10810 2.4 5.2 53.9 1 6 2 1 10106 4.2 5.0 42.0 
8 11 10811 2.8 5.7 50.5 7 2 1 10107 4.5 5.3 45.9 
8 12 1 10812 2.9 5.0 62.6 8 2 10108 4.5 5.5 · 44.1 
8 13 1 10813 2.2 4.5 67.3 9 2 1 10109 4.2 6.5 50.3 
8 14 10814 1.5 4.5 53.3 10 2 1 10110 2.4 4.8 53.7 
9 10 1 1 10910 2.3 5.3 65.0 11 2 10111 2.6 5.5 47.5 
9 11 10911 2.7 6.3 64.0 12 2 1 10112 2.9 4.7 52.7 
9 12 10912 3.0 4.6 57.4 13 2 1 10113 3.0 4.5 53.2 
9 13 10913 2.4 4.8 67.5 14 2 10114 2.4 4.8 52.6 
9 14 1 10914 1.6 4.8 72.8 2 3 2 10203 4.3 5.8 47.6 
10 11 11011 1.3 4.4 39.7 2 4 2 10204 3.7 5.0 51.3 
10 12 1 11012 1.3 4.3 54.7 2 5 2 10205 4.0 5.0 44.4 
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Appendix C continued 
I J Loe Md Ent RG GH Tyld I J Loe Md Ent RG GH Tyld 
2 6 2 1 10206 4.1 5.0 45.4 6 11 2 1 10611 3.3 5.5 48.8 
2 7 2 1 10207 4.0 5.3 38.4 6 12 2 10612 3.1 4.2 41.0 
2 8 2 10208 3.6 5.7 47.6 6 13 2 10613 3.0 4.7 45.7 
2 9 2 10209 4.0 6.0 52.7 6 14 2 1 10614 2.0 4.8 49.8 
2 10 2 10210 2.9 4.3 64.2 7 8 2 10708 4.5 5.2 43.2 
2 11 2 10211 2.7 5.5 53.6 7 9 2 10709 4.3 5.7 39.4 
2 12 2 10212 2.4 4.2 62.1 7 10 2 10710 2.9 5.2 58.1 
2 13 2 10213 2.4 4.5 50.9 7 11 2 10711 2.9 5.0 47.7 
2 14 2 10214 1.9 4.7 56.1 7 12 2 10712 3.3 5.0 55.1 
3 4 2 10304 3.8 5.0 47.8 7 13 2 10713 3.2 5.3 50.5 
3 5 2 10305 4.1 6.0 44.2 7 14 2 10714 2.5 5.0 50.6 
3 6 2 10306 4.3 5.0 52.4 8 9 2 1 10809 4.4 5.7 47.8 
3 7 2 10307 4.2 5.8 39.3 8 10 2 1 10810 2.7 5.2 50.0 
3 8 2 10308 4.3 6.0 37.3 8 11 2 1 10811 3.1 5.7 37.4 
3 9 2 10309 4.0 6.1 41.4 8 12 2 10812 3.4 4.5 43.9 
3 10 2 10310 2.9 5.2 49.5 8 13 2 10813 3.2 5.0 53.5 
3 11 2 1 10311 2.8 5.7 41.1 8 14 2 10814 2.0 5.0 48.7 
3 12 2 10312 2.7 4.7 41.7 9 10 2 10910 3.1 5.0 63.5 
3 13 2 10313 2.6 4.8 37.1 9 11 2 10911 2.5 6.3 40.3 
3 14 2 10314 1.9 4.7 41.6 9 12 2 10912 3.0 5.3 51.4 
4 5 2 10405 4.2 5.2 49.1 9 13 2 10913 2.9 5.4 55.8 
4 6 2 10406 3.4 5.2 39.8 9 14 2 1 10914 1.9 5.1 53.4 
4 7 2 10407 4.1 5.5 49.9 10 11 2 1 11011 1.3 5.0 39.0 
4 8 2 1 10408 5.0 5.2 49.4 10 12 2 1 11012 1.6 4.3 43.3 
4 9 2 1 10409 4.2 5.5 49.8 10 13 2 1 11013 1.2 4.2 48.9 
4 10 2 10410 2.2 4.5 52.9 10 14 2 11014 1.0 4.7 34.5 
4 11 2 10411 2.8 5.0 40.0 11 12 2 11112 2.7 5.0 48.0 
4 12 2 10412 2.6 3.8 43.5 11 13 2 11113 1.1 4.8 39.6 
4 13 2 10413 1.8 4.0 62.1 11 14 2 11114 1.2 4.0 19.8 
4 14 2 10414 1.4 4.1 46.0 12 13 2 11213 1.3 3.8 49.1 
5 6 2 10506 3.8 5.0 36.3 12 14 2 11214 1.5 2.9 39.2 
5 7 2 1 10507 4.4 5.1 35.0 13 14 2 11314 1.0 4.3 45.9 
5 8 2 10508 4.8 5.2 34.2 1 2 20001 3.2 5.2 31.5 
5 9 2 10509 4.2 6.3 44.8 2 2 2 20002 3.6 5.0 54.1 
5 10 2 10510 3.5 4.7 47.6 3 3 2 20003 3.6 5.3 36.4 
5 11 2 10511 3.2 4.7 45.5 4 4 2 20004 2.8 4.7 31.2 
5 12 2 10512 2.8 4.5 45.0 5 5 2 20005 2.7 5.1 27.8 
5 13 2 10513 2.8 4.5 48.3 6 6 2 20006 4.2 5.3 39.4 
5 14 2 10514 2.9 4.5 53.7 7 7 2 20007 2.2 5.1 32.2 
6 7 2 10607 4.1 5.2 35.2 8 8 2 20008 3.2 5.1 23.4 
6 8 2 10608 4.1 5.2 36.6 9 9 2 20009 3.7 6.0 40.9 
6 9 2 10609 4.2 5.7 42.4 10 10 2 20010 1.9 4.9 24.2 
6 10 2 10610 2.9 4.3 48.8 11 11 2 20011 2.4 5.0 18.3 
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Appendix C continued 
I J Loe Md Ent Rg Gh Tyld I J Loe Md Ent Rg Gh Tyld 
12 12 2 1 20012 1.6 2.8 36.3 3 14 1 2 10314 1.7 3.7 170.1 
13 13 2 20013 1.3 4.2 51.5 4 5 2 10405 3.9 4.2 150.4 
14 14 2 20014 1.0 2.5 43.9 4 6 2 10406 4.1 4.7 137.8 
0 0 2 30001 2.9 5.0 29.3 4 7 2 10407 4.0 4.5 156.5 
0 0 2 30002 3.9 5.2 36.4 4 8 2 10408 4.6 4.8 177.2 
0 0 2 30003 3.7 5.3 33.5 4 9 2 10409 4.4 4.3 195.0 
0 0 2 30004 3.8 5.2 41.9 4 10 2 10410 2.7 4.2 213.8 
0 0 2 1 30005 3.6 5.3 38.0 4 11 2 10411 2.8 4.3 160.4 
1 2 1 2 10102 3.3 4.4 190.1 4 12 2 10412 2.6 3.4 158.5 
3 2 10103 3.1 5.0 179.2 4 13 2 10413 2.3 3.3 196.4 
4 2 10104 3.8 3.8 165.5 4 14 2 10414 1.7 2.3 174.7 
1 5 2 10105 3.4 4.6 186.8 5 6 2 10506 4.2 5.2 125.6 
1 6 2 10106 3.6 5.2 183.7 5 7 2 10507 4.1 5.1 156.8 
7 2 10107 3.9 5.2 189.0 5 8 2 10508 4.4 5.0 166.4 
8 2 10108 3.7 4.3 198.7 5 9 2 10509 4.4 5.0 181.8 
9 2 10109 4.1 4.7 185.0 5 10 2 10510 3.0 5.6 159.6 
10 1 2 10110 2.5 5.3 182.3 5 11 2 10511 2.7 5.2 176.2 
11 1 2 10111 2.4 5.6 197.5 5 12 2 10512 2.8 4.4 156.3 
12 2 10112 2.7 3.9 171.4 5 13 2 10513 2.8 3.9 178.6 
13 2 10113 2.9 4.0 171.8 5 14 2 10514 2.2 3.9 164.9 
1 14 2 10114 1.8 3.4 206.0 6 7 2 10607 4.8 5.7 156.3 
2 3 2 10203 3.6 6.0 149.0 6 8 2 10608 4.1 5.8 169.4 
2 4 2 10204 3.7 4.4 157.4 6 9 2 10609 4.1 5.4 149.6 
2 5 2 10205 3.9 4.9 195.9 6 10 1 2 10610 2.6 5.7 159.0 
2 6 2 10206 3.9 5.2 165.6 6 11 1 2 10611 3.2 5.9 175.7 
2 7 2 10207 4.0 5.8 183.0 6 12 1 2 10612 3.1 4.9 166.3 
2 8 2 10208 4.1 5.5 182.5 6 13 2 10613 2.2 4.2 179.6 
2 9 2 10209 3.6 5.8 179.6 6 14 2 10614 2.1 4.0 165.7 
2 10 2 10210 2.6 5.6 186.8 7 8 2 10708 4.4 5.3 169.5 
2 11 2 10211 2.1 5.6 165.5 7 9 2 10709 4.4 5.9 187.5 
2 12 2 10212 2.8 4.3 159.6 7 10 1 2 10710 2.9 6.5 180.5 
2 13 1 2 10213 2.2 3.9 162.3 7 11 1 2 10711 2.8 5.9 190.8 
2 14 1 2 10214 1.5 3.3 163.4 7 12 2 10712 3.2 5.3 170.9 
3 4 2 10304 3.2 5.3 125.3 7 13 2 10713 2.9 4.8 195.9 
3 5 2 10305 3.9 5.7 151.4 7 14 2 10714 2.1 4.7 174.2 
3 6 2 10306 3.5 5.3 110.8 8 9 2 10809 4.4 5.4 171.6 
3 7 2 10307 3.6 6.3 134.9 8 10 2 10810 2.8 5.4 200.3 
,.., 8 2 10308 3.8 5.8 131.2 8 11 2 10811 2.8 5.4 208.4 ., 
3 9 2 10309 3.8 5.9 133.3 8 12 1 2 10812 3.0 4.2 175.0 
3 10 2 10310 2.4 6.1 162.3 8 13 2 10813 2.7 3.7 195.9 
3 11 2 10311 2.8 5.9 164.3 8 14 2 10814 1.6 3.1 171.9 
3 12 2 10312 2.7 4.8 105.6 9 10 2 10910 2.9 5.8 198.7 
3 13 2 10313 2.4 4.5 114.7 9 11 2 10911 3.0 5.6 198.0 
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Appendix C continued 
I J Loe Md Ent Rg Gh Tyld I J Loe Md Ent Rg Gh Tyld 
9 12 1 2 10912 3.1 4.6 153.1 13 2 2 10113 2.2 3.4 158.2 
9 13 1 2 10913 2.5 3.7 165.3 14 2 2 10114 2.7 2.8 174.7 
9 14 2 10914 1.9 4.4 197.3 2 3 2 2 10203 3.1 5.7 119.7 
10 11 2 11011 1.2 6.2 104.8 2 4 2 2 10204 3.4 4.2 149.8 
10 12 1 2 11012 2.3 3.8 136.9 2 5 2 2 10205 3.2 5.0 111.0 
10 13 2 11013 1.5 4.2 127.2 2 6 2 2 10206 3.0 5.3 123.2 
10 14 2 11014 1.2 3.3 127.6 2 7 2 2 10207 3.6 5.7 137.7 
11 12 2 11112 1.9 4.1 168.0 2 8 2 2 10208 2.6 5.0 135.4 
11 13 2 11113 1.4 3.6 152.8 2 9 2 2 10209 3.3 5.4 148.6 
11 14 2 11114 1.7 3.7 117.8 2 10 2 2 10210 2.5 4.6 126.9 
12 13 1 2 11213 1.6 3.0 106.9 2 11 2 2 10211 2.7 4.6 156.0 
12 14 2 11214 1.4 2.7 125.3 2 12 2 2 10212 2.3 4.1 115.3 
13 14 2 11314 1.2 1.6 121.5 2 13 2 2 10213 2.7 3.2 134.0 
1 2 20001 2.8 5.0 125.4 2 14 2 2 10214 2.6 3.1 163.3 
2 2 2 20002 3.4 5.4 125.4 3 4 2 2 10304 3.2 4.7 138.3 
3 3 2 20003 3.1 6.9 71.4 3 5 2 2 10305 3.3 5.5 139.0 
4 4 2 20004 3.3 3.3 82.4 3 6 2 2 10306 2.8 5.3 158.3 
5 5 2 20005 3.9 4.7 111.2 3 7 2 2 10307 3.3 6.0 130.5 
6 6 2 20006 4.2 5.2 127.8 3 8 2 2 10308 3.2 5.7 128.2 
7 7 2 20007 3.6 6.0 100.8 3 9 2 2 10309 3.1 5.6 115.7 
8 8 2 20008 3.6 5.1 103.8 3 10 2 2 10310 2.4 4.8 147.7 
9 9 2 20009 3.6 5.4 137.6 3 11 2 2 10311 2.1 5.5 121.4 
10 10 2 20010 0.9 6.4 91.9 3 12 2 2 10312 2.2 4.7 113.1 
11 11 2 20011 1.9 6.3 92.3 3 13 2 2 10313 2.3 3.8 117.1 
12 12 2 20012 1.6 2.5 49.3 3 14 2 2 10314 1.9 3.2 179.7 
13 13 2 20013 2.2 3.2 116.3 4 5 2 2 10405 3.3 4.7 130.6 
14 14 2 20014 0.9 1.5 96.1 4 6 2 2 10406 3.5 5.0 122.3 
0 0 2 30001 2.9 4.7 156.4 4 7 2 2 10407 3.5 5.2 143.7 
0 0 2 30002 3.3 5.1 143.2 4 8 2 2 10408 3.8 5.0 165.4 
0 0 2 30003 4.0 5.5 137.9 4 9 2 2 10409 3.8 4.3 147.5 
0 0 2 30004 3.8 5.0 167.8 4 10 2 2 10410 2.6 4.0 159.3 
0 0 2 30005 3.7 5.7 143.9 4 11 2 2 10411 2.6 4.0 171.9 
2 2 2 10102 3.1 4.8 154.7 4 12 2 2 10412 2.6 2.8 132.1 
3 2 2 10103 3.4 5.3 148.1 4 13 2 2 10413 2.0 2.8 173.9 
4 2 2 10104 3.1 4.3 121.3 4 14 2 2 10414 2.5 2.2 159.5 
5 2 2 10105 2.9 5.0 134.3 5 6 2 2 10506 2.7 4.8 111.5 
6 2 2 10106 3.1 5.0 121.8 5 7 2 2 10507 2.9 5.2 117.0 
7 2 2 10107 2.5 5.2 128.0 5 8 2 2 10508 3.0 5.4 107.3 
8 2 2 10108 3.2 4.7 153.2 5 9 2 2 10509 3.4 5.5 132.1 
9 2 2 10109 3.1 5.2 148.0 5 10 2 2 10510 2.7 4.5 147.4 
10 2 2 10110 2.4 4.0 141.5 5 11 2 2 10511 2.9 4.2 171.4 
11 2 2 10111 2.8 4.3 150.5 5 12 2 2 10512 2.9 4.0 139.3 
12 2 2 10112 2.4 4.0 113.8 5 13 2 2 10513 2.3 3.5 147.0 
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Appendix C continued 
I J Loe Md Ent Rg Gh Tyld I J Loe Md Ent Rg Gh Tyld 
5 14 2 2 10514 2.2 3.0 177.3 7 7 2 2 20007 3.3 5.3 62.3 
6 7 2 2 10607 2.8 5.0 121.7 8 8 2 2 20008 1.9 5.0 51.4 
6 8 2 2 10608 3.0 6.0 129.2 9 9 2 2 20009 3.1 5.5 106.8 
6 9 2 2 10609 3.2 5.4 136.0 10 10 2 2 20010 0.9 4.0 38.0 
6 10 2 2 10610 2.4 5.0 154.2 11 11 2 2 20011 1.7 4.5 67.3 
6 11 2 2 10611 3.0 5.7 166.9 12 12 2 2 20012 1.6 0.9 45.4 
6 12 2 2 10612 2.3 4.0 146.1 13 13 2 2 20013 1.6 2.0 93.1 
6 13 2 2 10613 2.1 3.3 169.7 14 14 2 2 20014 2.8 1.5 126.6 
6 14 2 2 10614 2.0 3.8 180.7 0 0 2 2 30001 3.0 4.7 139.8 
7 8 2 2 10708 2.5 5.5 126.7 0 0 2 2 30002 3.1 5.0 144.8 
7 9 2 2 10709 2.1 5.6 129.0 0 0 2 2 30003 2.7 5.5 106.1 
7 10 2 2 10710 1.9 5.5 153.6 0 0 2 2 30004 3.0 5.0 131.8 
7 11 2 2 10711 1.8 5.1 157.2 0 0 2 2 30005 2.8 5.0 126.2 
7 12 2 2 10712 2.6 4.8 140.3 7 7 2 2 20007 3.3 5.3 62.3 
7 13 2 2 10713 3.0 4.3 153.7 8 8 2 2 20008 1.9 5.0 51.4 
7 14 2 2 10714 2.6 4.2 165.1 9 9 2 2 20009 3.1 5.5 106.8 
8 9 2 2 10809 3.1 4.8 152.0 10 10 2 2 20010 0.9 4.0 38.0 
8 10 2 2 10810 2.2 4.5 147.9 11 11 2 2 20011 1.7 4.5 67.3 
8 11 2 2 10811 2.6 5.4 156.7 12 12 2 2 20012 1.6 0.9 45.4 
8 12 2 2 10812 2.8 4.0 149.3 13 13 2 2 20013 1.6 2.0 93.1 
8 13 2 2 10813 2.4 3.1 167.9 14 14 2 2 20014 2.8 1.5 126.6 
8 14 2 2 10814 2.1 2.4 187.6 0 0 2 2 30001 3.0 4.7 139.8 
9 10 2 2 10910 2.9 5.3 167.7 0 0 2 2 30002 3.1 5.0 144.8 
9 11 2 2 10911 2.7 5.3 169.2 0 0 2 2 30003 2.7 5.5 106.1 
9 12 2 2 10912 2.6 4.5 120.2 0 0 2 2 30004 3.0 5.0 131.8 
9 13 2 2 10913 2.3 3.1 158.2 0 0 2 2 30005 2.8 5.0 126.2 
9 14 2 2 10914 2.6 3.3 194.6 
10 11 2 2 11011 2.0 4.2 142.2 
IO 12 2 2 11012 1.7 3.5 118.3 
10 13 2 2 11013 1.8 3.0 141.9 
10 14 2 2 11014 1.5 2.5 127.1 
11 12 2 2 11112 2.7 3.7 137.3 
11 13 2 2 11113 2.1 3.2 137.5 
11 14 2 2 11114 2.4 2.0 105.1 
12 13 2 2 11213 1.3 2.6 88.3 
12 14 2 2 11214 1.1 2.3 105.5 
13 14 2 2 11314 1.8 1.3 162.1 
1 1 2 2 20001 2.9 3.7 52.0 
2 2 2 2 20002 3.1 4.7 73.5 
3 3 2 2 20003 2.6 5.0 65.8 
4 4 2 2 20004 2.4 2.7 42.6 
5 5 2 2 20005 2.7 3.8 45.9 
6 6 2 2 20006 3.1 5.2 113.3 
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APPENDIX D: FORAGE QUALITY MEANS 
Location-harvest combination least square means for in vitro dry matter digestibility 
(g/Kg) (IVD), neutral detergent fiber (g/Kg) (NDF), acid detergent fiber (g/Kg) (ADF), acid 
detergent lignin (g/Kg) (ADL), crude protein (g/Kg) (Cp), cellulose (g/Kg) (CEL), and 
hemicellulose (g/Kg) (HCL). Cross combinations are designated (/, .J). Parental entries are 
designated (I= .J), check entries have / and J = 0. I and J correspond to genotypes as 
follows: ABI408 (1), ABI311 (2), ABI419 (3), ABI314 (4), C96-514 (5), C96-673 (6), C96-
513 (7), FW-92-118 (8), RP-93-377 (9), WISFAL-4 (10), WISFAL-6 (11), C25-6 (12), 
PI214218-1 (13), and PI502453-1 (14). Check varieties correspond to entry number (ENT) 
as follows: Lodak (30001), Vernal (30002), 5454 (30003), Innovator +Z (30004), and 
Legendairy (30005). Location-harvest (ENV) code numbers are: October 1998, Ames (1 ); 
May/June 1999, Ames (2); and May/June 1999 Nashua (3). 
I J ENV ENT IVD NDF ADF AOL CP CEL HCL 
1 2 1 10102 632.7 481.1 360.0 80.9 149.4 279.1 121.1 
3 1 10103 610.2 489.5 370.6 86.1 151.2 284.5 118.9 
4 10104 621.9 483.5 365.4 83.8 164.7 281.6 118.l 
5 10105 625.8 489.8 365.8 82.7 172.4 283.l 124.0 
6 10106 599.1 509.4 384.0 87.4 137.l 296.6 125.4 
1 7 10107 622.2 477.4 361.3 83.7 151.1 277.6 116.2 
8 10108 585.8 516.8 380.4 94.2 141.1 286.2 136.5 
9 10109 615.8 492.5 366.2 85.7 161.6 280.5 126.3 
1 10 10110 613.8 502.1 385.5 83.9 151.9 301.7 116.5 
1 11 10111 603.3 513.8 385.1 86.8 152.8 298.3 128.7 
12 10112 606.3 504.7 381.9 88.2 155.4 293.7 122.9 
13 10113 649.3 462.5 345.6 76.5 172.7 269.l 116.9 
1 14 1 10114 623.0 493.1 374.3 82.5 143.4 291.8 118.8 
2 3 1 10203 644.7 471.8 353.3 76.7 149.4 276.5 118.5 
2 4 10204 598.3 513.8 384.5 88.4 123.7 296.1 129.3 
2 5 10205 631.8 470.8 352.6 79.8 147.7 272.7 118.2 
2 6 10206 615.4 505.0 369.0 83.1 125.8 285.9 136.0 
2 7 10207 583.6 527.7 395.4 92.7 113.2 302.7 132.3 
2 8 10208 633.6 470.2 352.8 80.0 133.8 272.9 117.4 
2 9 10209 591.6 514.2 378.8 90.0 110.7 288.8 135.5 
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Appendix D continued 
I J ENV ENT IVD NDF ADF AOL CP CEL HCL 
2 10 10210 609.3 503.6 376.8 86.7 134.6 290.1 126.8 
2 11 10211 601.5 522.7 395.9 87.4 132.1 308.5 126.8 
2 12 10212 623.6 496.0 374.5 81.6 139.5 292.9 121.5 
2 13 10213 652.6 472.6 348.2 74.7 150.1 273.5 124.4 
2 14 10214 625.5 493.8 369.0 81.4 149.5 287.7 124.8 
3 4 10304 629.3 492.9 369.9 80.3 128.9 289.5 123.0 
3 5 10305 620.8 493.0 364.7 82.1 127.0 282.6 128.3 
3 6 10306 621.8 476.4 362.8 83.5 150.6 279.3 113.6 
3 7 10307 612.8 499.5 376.5 84.6 140.6 291.9 123.0 
3 8 10308 620.4 490.2 365.9 82.7 136.3 283.1 124.4 
3 9 10309 579.1 515.2 392.5 92.7 112.0 299.8 122.6 
3 10 10310 610.9 482.1 363.8 86.0 135.5 277.8 118.2 
3 11 10311 610.8 495.2 373.0 86.6 138.2 286.4 122.1 
3 12 10312 638.2 477.7 360.1 77.6 147.4 282.5 117.6 
3 13 10313 584.2 528.8 396.5 92.3 125.8 304.2 132.3 
3 14 1 10314 619.8 496.6 368.5 82.9 135.7 285.6 128.1 
4 5 1 10405 645.2 468.0 348.8 76.3 153.5 272.5 119.3 
4 6 1 10406 623.9 484.9 363.6 81.9 135.8 281.7 121.2 
4 7 10407 626.8 489.4 355.0 80.8 123.0 274.2 134.4 
4 8 10408 646.4 470.6 350.6 76.5 152.7 274.2 120.0 
4 9 1 10409 630.4 476.4 357.6 80.0 145.1 277.6 118.8 
4 10 1 10410 609.9 485.7 364.9 87.3 133.7 277.6 120.8 
4 11 1 10411 634.3 470.2 347.8 80.0 144.5 267.8 122.3 
4 12 10412 631.4 478.2 353.2 82.0 151.7 271.2 125.1 
4 13 10413 641.2 474.3 358.3 76.1 147.5 282.2 116.0 
4 14 10414 645.7 462.6 351.0 76.2 149.7 274.8 111.5 
5 6 10506 646.0 484.1 357.5 78.0 154.5 279.5 126.6 
5 7 1 10507 678.3 436.3 324.4 67.7 168.0 256.7 111.9 
5 8 1 10508 622.2 489.7 370.4 81.4 138.6 289.1 119.3 
5 9 1 10509 654.0 470.4 344.9 74.8 134.7 270.1 125.5 
5 10 10510 623.3 488.9 374.5 81.9 142.9 292.5 114.4 
5 11 10511 647.2 465.6 350.2 74.7 143.9 275.4 115.4 
5 12 10512 629.2 482.7 357.8 80.4 135.3 277.4 124.8 
5 13 10513 641.7 476.7 353.2 78.2 155.6 275.1 123.5 
5 14 10514 653.8 467.4 356.1 73.2 147.0 282.9 111.3 
6 7 10607 623.3 497.4 369.2 82.0 156.3 287.2 128.1 
6 8 10608 658.9 462.3 348.2 74.4 155.0 273.7 114.1 
6 9 10609 645.3 478.5 356.0 75.3 160.4 280.8 122.4 
6 10 10610 633.6 485.2 364.9 79.4 143.9 285.5 120.3 
6 11 10611 632.6 487.3 365.6 79.0 138.0 286.6 121.6 
6 12 10612 631.4 469.7 361.3 81.1 136.2 280.2 108.4 
6 13 10613 629.0 473.3 359.3 80.5 124.3 278.9 114.0 
6 14 10614 619.9 490.3 366.9 83.9 141.2 283.0 123.4 
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Appendix D continued 
I J ENV ENT IVD NDF ADF AOL CP CEL HCL 
7 8 1 10708 632.7 487.1 364.1 78.8 139.5 285.3 123.0 
7 9 1 10709 638.3 474.9 362.8 77.2 143.7 285.6 112.1 
7 10 10710 674.1 452.6 335.4 70.3 163.6 265.1 117.3 
7 11 10711 643.7 478.2 351.9 76.2 141.1 275.7 126.3 
7 12 10712 634.7 479.3 361.0 79.3 135.5 281.6 118.4 
7 13 10713 648.4 468.0 346.7 74.4 123.9 272.3 121.3 
7 14 10714 621.2 473.3 358.5 82.4 128.1 276.1 114.8 
8 9 10809 622.9 479.8 360.6 83.8 141.2 276.8 119.2 
8 10 10810 603.6 503.3 384.0 87.3 123.7 296.8 119.3 
8 11 10811 621.5 488.6 365.4 82.4 136.8 283.0 123.2 
8 12 10812 636.1 471.6 357.1 80.2 151.3 276.9 114.5 
8 13 10813 656.4 457.2 341.5 73.9 157.2 267.6 115.8 
8 14 10814 613.0 494.3 375.3 85.5 138.4 289.7 119.0 
9 10 10910 632.6 476.8 356.6 80.1 127.5 276.5 120.2 
9 11 10911 620.0 482.9 359.8 84.2 132.2 275.6 123.1 
9 12 10912 657.0 455.6 346.8 73.9 146.1 272.9 108.8 
9 13 10913 639.3 463.6 349.4 78.6 145.9 270.8 114.2 
9 14 10914 652.5 460.1 345.1 75.7 151.8 269.4 115.0 
10 11 11011 653.5 454.5 334.7 74.l 148.0 260.6 119.8 
10 12 1 11012 630.3 484.2 361.8 81.4 138.0 280.4 122.4 
10 13 1 11013 675.2 443.6 327.4 70.3 138.6 257.1 116.2 
10 14 1 11014 639.0 475.3 356.0 80.2 160.9 275.8 119.4 
11 12 11112 629.5 483.9 362.4 81.0 142.5 281.4 121.5 
11 13 11113 668.9 449.2 332.3 73.2 158.4 259.1 116.9 
11 14 11114 637.2 481.1 358.3 78.3 162.3 280.0 122.8 
12 13 11213 634.6 476.2 357.6 80.6 146.0 277.1 118.6 
12 14 11214 636.3 484.3 352.8 79.2 126.3 273.6 131.5 
13 14 11314 657.2 461.2 354.1 74.7 166.2 279.4 107.1 
0 1 20001 645.7 474.8 367.8 78.5 160.2 289.2 107.0 
0 2 20002 694.6 433.8 323.1 62.2 165.0 260.9 110.7 
0 3 20003 656.3 469.1 358.5 74.4 151.0 284.1 110.6 
0 4 20004 675.2 450.1 339.8 69.3 145.9 270.5 110.3 
0 5 20005 698.3 430.9 323.1 64.8 183.0 258.4 107.8 
0 6 20006 682.7 429.5 325.7 68.7 191.1 257.0 103.8 
0 7 20007 654.8 469.8 355.0 75.9 159.9 279.2 114.8 
0 8 20008 662.5 462.0 338.9 71.9 137.7 267.0 123.1 
0 9 20009 656.8 471.0 349.9 72.6 156.4 277.2 121.1 
0 10 20010 659.8 465.0 350.0 72.9 144.3 277.1 115.0 
0 11 20011 674.0 453.8 332.9 68.7 158.1 264.2 120.9 
0 12 20012 637.5 487.8 362.2 78.1 130.4 284.1 125.6 
0 13 20013 610.5 514.5 378.7 83.3 114.5 295.3 135.8 
0 14 20014 688.0 440.1 320.4 66.4 141.2 254.0 119.7 
0 30001 607.1 501.7 378.2 88.8 173.1 289.4 123.6 
157 
Appendix D continued 
I J ENV ENT IVD NDF ADF ADL CP CEL HCL 
0 2 30002 572.2 543.6 406.9 93.8 110.4 313.1 136.7 
0 3 30003 573.4 534.3 399.2 96.0 115.2 303.2 135.1 
0 4 30004 681.2 411.2 314.9 70.3 185.5 244.6 96.4 
0 5 1 30005 637.1 483.2 362.5 78.1 158.1 284.4 120.6 
2 2 10102 618.3 494.7 368.6 82.0 126.6 286.7 126.0 
3 2 10103 588.6 508.4 380.6 90.3 126.5 290.2 127.8 
4 2 10104 636.3 455.4 341.8 81.2 151.2 260.7 113.6 
5 2 10105 617.0 486.9 357.6 86.7 150.6 270.9 129.3 
6 2 10106 673.9 449.3 348.2 71.1 168.0 277.1 101.1 
7 2 10107 657.4 464.6 357.5 73.0 167.3 284.5 107.0 
8 2 10108 701.9 438.6 316.7 62.3 167.2 254.4 121.9 
9 2 10109 594.5 527.4 392.0 87.2 129.4 304.7 135.4 
10 2 10110 644.0 480.8 362.9 77.7 143.2 285.1 118.0 
11 2 10111 697.6 435.1 314.7 64.7 137.8 250.0 120.4 
12 2 10112 656.3 465.9 337.9 73.3 150.7 264.6 128.0 
13 2 10113 618.5 496.4 370.1 84.5 129.8 285.6 126.3 
14 2 10114 628.9 479.0 358.3 81.1 140.7 277.3 120.6 
2 3 2 10203 651.9 459.7 343.5 75.8 150.0 267.7 116.2 
2 4 2 10204 622.7 488.1 365.0 83.5 137.7 281.5 123.0 
2 5 2 10205 582.2 572.6 429.9 93.2 107.9 336.7 142.7 
2 6 2 10206 579.0 570.7 430.7 94.9 120.5 335.8 140.1 
2 7 2 10207 597.4 552.5 414.4 90.9 124.2 323.5 138.1 
2 8 2 10208 592.6 566.4 424.3 89.9 125.2 334.4 142.1 
2 9 2 10209 577.4 574.5 437.2 94.3 107.3 342.9 137.3 
2 10 2 10210 578.3 572.9 429.5 94.9 115.1 334.6 143.4 
2 11 2 10211 568.5 570.5 428.4 98.0 115.8 330.4 142.1 
2 12 2 10212 579.7 575.1 434.0 95.6 116.1 338.3 141.1 
2 13 2 10213 603.4 572.9 440.9 88.2 112.1 352.7 132.0 
2 14 2 10214 579.8 572.7 433.6 94.7 124.3 338.9 139.2 
3 4 2 10304 585.8 567.3 431.0 94.5 124.1 336.4 136.3 
3 5 2 10305 585.4 569.1 430.6 93.4 122.8 337.3 138.5 
3 6 2 10306 602.4 563.4 429.1 87.4 130.5 341.7 134.3 
3 7 2 10307 590.7 567.1 424.5 90.3 118.1 334.2 142.6 
3 8 2 10308 578.9 575.3 430.4 93.9 95.9 336.5 144.9 
3 9 2 10309 565.3 584.5 434.2 96.7 97.1 337.5 150.3 
3 10 2 10310 617.2 542.8 405.1 85.3 106.3 319.9 137.7 
3 11 2 10311 604.0 551.1 417.4 86.7 96.8 330.7 133.7 
3 12 2 10312 596.3 554.9 406.0 88.1 107.0 317.9 148.8 
3 13 2 10313 581.0 563.6 423.2 94.7 96.1 328.4 140.4 
3 14 2 10314 568.4 590.1 440.6 97.1 95.0 343.5 149.6 
4 5 2 10405 592.6 578.6 445.4 89.3 97.5 356.2 133.2 
4 6 2 10406 562.6 594.6 450.7 96.9 109.9 353.8 143.9 
4 7 2 10407 605.5 564.5 423.3 88.5 111.5 334.8 141.2 
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Appendix D continued 
I J ENV ENT IVD NDF ADF ADL CP CEL HCL 
4 8 2 10408 574.2 577.1 439.2 95.0 98.0 344.1 138.0 
4 9 2 10409 615.4 553.2 409.8 82.7 113.8 327.1 143.4 
4 10 2 10410 633.5 527.4 389.7 81.1 121.9 308.6 137.7 
4 11 2 10411 598.5 552.0 418.7 89.8 118.2 329.0 133.3 
4 12 2 10412 569.1 586.7 442.8 96.8 101.9 346.0 143.9 
4 13 2 10413 624.9 524.8 395.9 83.7 121.3 312.2 128.9 
4 14 2 10414 565.3 581.5 433.3 98.4 93.1 334.9 148.1 
5 6 2 10506 563.9 565.3 422.0 101.6 103.6 320.4 143.3 
5 7 2 10507 547.9 605.5 457.0 102.5 93.3 354.5 148.4 
5 8 2 10508 587.0 583.2 440.1 90.9 101.0 349.2 143.l 
5 9 2 10509 610.1 561.3 418.6 86.1 125.2 332.5 142.7 
5 10 2 10510 561.1 590.0 443.2 100.3 105.1 342.8 146.8 
5 11 2 10511 593.8 552.5 415.1 91.3 117.6 323.8 137.4 
5 12 2 10512 575.3 585.6 453.6 95.1 112.4 358.5 132.0 
5 13 2 10513 589.6 577.1 429.8 89.5 118.9 340.2 147.3 
5 14 2 10514 607.6 545.5 404.5 88.6 119.3 315.9 141.0 
6 7 2 10607 589.5 554.6 413.1 92.8 96.1 320.3 141.5 
6 8 2 10608 626.0 528.4 389.5 82.1 120.1 307.4 138.9 
6 9 2 10609 581.7 562.4 417.7 94.0 101.9 323.7 144.7 
6 10 2 10610 594.7 565.1 420.6 91.1 108.0 329.6 144.5 
6 11 2 10611 598.5 570.2 432.4 88.0 110.0 344.4 137.8 
6 12 2 10612 588.6 570.9 430.8 91.2 128.2 339.6 140.0 
6 13 2 10613 611.1 551.2 410.4 87.3 120.5 323.0 140.8 
6 14 2 10614 614.0 534.3 396.5 86.7 125.7 309.8 137.8 
7 8 2 10708 636.0 537.2 403.6 79.4 127.3 324.2 133.7 
7 9 2 10709 617.0 553.8 406.0 83.6 110.0 322.3 147.8 
7 10 2 10710 617.0 543.2 407.8 85.3 121.7 322.6 135.3 
7 11 2 10711 610.6 547.9 409.8 87.6 116.1 322.2 138.0 
7 12 2 10712 578.4 569.8 428.2 95.4 102.3 332.9 141.5 
7 13 2 10713 573.0 579.2 427.4 97.8 105.4 329.6 151.8 
7 14 2 10714 593.5 584.3 443.5 90.2 105.6 353.3 140.8 
8 9 2 10809 554.1 610.1 459.4 98.1 104.7 361.3 150.8 
8 10 2 10810 597.1 564.6 431.1 90.3 121.6 340.8 133.6 
8 11 2 10811 595.7 570.1 425.7 89.6 116.7 336.1 144.4 
8 12 2 10812 601.5 572.0 430.1 88.6 112.8 341.5 141.9 
8 13 2 10813 598.3 570.9 424.6 89.3 110.7 335.3 146.3 
8 14 2 10814 626.2 537.5 394.2 81.5 119.5 312.7 143.4 
9 10 2 10910 586.6 560.5 416.6 94.4 107.3 322.2 144.0 
9 11 2 10911 575.5 583.1 435.1 95.6 99.5 339.4 148.0 
9 12 2 10912 587.4 579.5 447.3 91.2 99.4 356.1 132.2 
9 13 2 10913 587.0 581.6 437.4 92.4 116.5 344.9 144.2 
9 14 2 10914 597.4 575.4 426.1 89.9 107.6 336.3 149.3 
10 11 2 11011 607.1 562.4 418.8 86.3 126.6 332.5 143.6 
159 
Appendix D continued 
I J ENV ENT IVD NDF ADF ADL CP CEL HCL 
10 12 2 11012 634.6 529.5 399.9 80.7 122.5 319.1 129.7 
10 13 2 11013 612.7 550.5 414.6 87.3 114.8 327.3 135.9 
10 14 2 11014 571.9 561.8 421.1 97.7 103.9 323.4 140.7 
11 12 2 11112 577.8 575.1 425.0 95.5 102.3 329.5 150. l 
11 13 2 11113 578.2 589.7 444.6 93.9 104.1 350.7 145.1 
11 14 2 11114 573.8 586.6 449.4 94.0 110.4 355.4 137.2 
12 13 2 11213 603.1 558.4 413.0 88.6 108.6 324.4 145.4 
12 14 2 11214 587.5 567.4 424.6 92.3 107.3 332.3 142.8 
13 14 2 11314 579.0 569.3 428.6 94.5 112.5 334.1 140.8 
0 2 20001 569.0 584.4 437.1 95.2 109.0 341.8 147.4 
0 2 2 20002 565.6 570.3 425.4 98.2 101.4 327.2 144.9 
0 3 2 20003 579.0 578.5 441.3 92.5 109.6 348.8 137.2 
0 4 2 20004 580.1 566.5 423.1 94.9 121.6 328.2 143.4 
0 5 2 20005 593.8 559.5 429.0 91.1 116.1 337.9 130.5 
0 6 2 20006 581.0 566.9 423.0 95.6 109.5 327.4 143.9 
0 7 2 20007 582.9 569.9 430.3 93.5 111.9 336.8 139.6 
0 8 2 20008 580.6 578.7 430.3 92.2 105.5 338.0 148.5 
0 9 2 20009 556.0 610.4 463.1 101.1 95.5 361.9 147.3 
0 10 2 20010 552.4 610.7 466.3 100.4 101.9 365.9 144.4 
0 11 2 20011 587.7 572.4 427.0 94.8 109.8 332.2 145.4 
0 12 2 20012 567.7 595.1 442.4 97.5 110.2 344.9 152.7 
0 13 2 20013 602.8 568.9 421.1 89.7 106.0 331.4 147.8 
0 14 2 20014 540.6 615.9 455.6 103.4 92.7 352.2 160.3 
0 2 30001 582.0 585.3 450.1 93.3 116.9 356.8 135.2 
0 2 2 30002 618.6 557.5 419.9 84.8 117.0 335.1 137.5 
0 3 2 30003 615.1 560.1 417.6 84.3 117.7 333.2 142.5 
0 4 2 30004 579.9 595.7 457.1 92.9 103.4 364.2 138.6 
0 5 2 30005 610.9 558.6 425.2 85.5 116.0 339.7 133.4 
2 3 10102 608.4 568.4 430.7 86.9 124.5 343.8 137.7 
3 3 10103 613.0 552.7 409.2 86.1 139.1 323.1 143.4 
4 3 10104 561.1 605.8 462.2 96.5 104.6 365.6 143.6 
5 3 10105 624.6 536.6 401.9 82.3 142.9 319.6 134.7 
6 3 10106 605.0 573.7 424.4 86.6 116.8 337.8 149.3 
7 3 10107 621.8 552.2 413.2 83.9 123.9 329.3 139.1 
8 3 10108 594.0 571.7 430.4 90.0 123.1 340.4 141.3 
9 3 10109 583.9 575.5 433.0 92.0 98.3 341.0 142.5 
10 3 10110 600.5 562.1 416.8 87.6 125.4 329.2 145.3 
11 3 10111 638.8 540.7 398.7 79.0 117.8 319.7 142.0 
12 3 10112 602.8 543.9 414.9 90.5 143.7 324.5 128.9 
13 3 10113 596.8 554.6 402.3 89.7 99.6 312.6 152.3 
1 14 3 10114 581.2 559.7 414.8 97.6 117.3 317.2 144.9 
2 3 3 10203 643.0 509.9 369.2 78.1 135.6 291.1 140.7 
2 4 3 10204 611.4 554.1 418.7 85.5 119.2 333.2 135.4 
160 
Appendix D continued 
I J ENV ENT IVD NDF ADF ADL CP CEL HCL 
2 5 3 10205 613.6 545.7 413.7 85.1 118.8 328.6 132.0 
2 6 3 10206 604.0 547.5 405.5 88.8 117.6 316.7 142.0 
2 7 3 10207 589.3 536.5 406.8 94.9 125.6 312.0 129.7 
2 8 3 10208 553.1 598.0 447.6 101.6 96.6 346.0 150.4 
2 9 3 10209 613.6 554.1 426.6 86.6 123.2 339.9 127.6 
2 10 3 10210 605.1 566.0 429.4 87.7 155.5 341.7 136.6 
2 11 3 10211 663.4 492.8 358.2 79.1 165.6 279.1 134.6 
2 12 3 10212 616.1 551.9 411.0 85.1 125.5 325.9 140.9 
2 13 3 10213 592.1 586.6 441.1 89.5 116.7 351.5 145.5 
2 14 3 10214 669.4 495.8 373.4 74.2 145.2 299.2 122.4 
3 4 3 10304 578.8 581.8 431.6 96.0 112.6 335.7 150.2 
3 5 3 10305 570.0 593.1 446.3 95.4 94.2 350.8 146.9 
3 6 3 10306 568.4 568.1 427.1 98.1 103.8 329.0 141.0 
3 7 3 10307 580.7 568.1 423.1 94.1 103.6 329.0 145.0 
3 8 3 10308 584.6 570.6 430.8 91.3 108.1 339.5 139.8 
3 9 3 10309 535.0 602.1 457.3 108.0 105.4 349.3 144.8 
3 10 3 10310 538.1 596.7 445.4 107.0 116.5 338.3 151.4 
3 11 3 10311 543.4 588.0 442.9 104.2 122.6 338.7 145.1 
3 12 3 10312 511.9 617.9 475.1 112.3 102.9 362.8 142.8 
3 13 3 10313 586.1 558.8 422.2 96.3 133.3 325.9 136.6 
3 14 3 10314 550.2 582.7 437.2 105.5 128.7 331.7 145.5 
4 5 3 10405 499.3 619.0 472.0 116.6 119.6 355.4 147.1 
4 6 3 10406 515.1 608.8 460.9 112.8 108.3 348.1 147.8 
4 7 3 10407 538.1 607.5 461.2 107.3 110.3 353.9 146.3 
4 8 3 10408 527.3 613.5 468.3 108.1 118.1 360.3 145.1 
4 9 3 10409 563.7 583.8 445.0 101.6 138.0 343.4 138.8 
4 10 3 10410 516.6 623.3 476.6 110.3 103.2 366.3 146.8 
4 11 3 10411 506.3 638.4 481.9 112.8 100.0 369.1 156.4 
4 12 3 10412 553.5 591.0 448.4 100.5 113.5 347.9 142.6 
4 13 3 10413 540.7 593.4 448.4 106.1 106.7 342.3 145.0 
4 14 3 10414 559.8 570.0 426.0 100.6 114.7 325.4 144.0 
5 6 3 10506 562.7 577.0 431.1 100.7 123.6 330.4 145.9 
5 7 3 10507 577.4 569.4 430.4 96.9 119.0 333.6 138.9 
5 8 3 10508 562.4 585.2 430.2 98.5 97.0 331.7 155.1 
5 9 3 10509 552.2 587.2 441.4 104.2 110.0 337.2 145.8 
5 10 3 10510 563.3 581.3 432.2 100.9 108.5 331.4 149.l 
5 11 3 10511 528.6 617.8 479.8 106.4 94.9 373.3 138.0 
5 12 3 10512 523.0 617.3 465.1 107.7 105.7 357.4 152.2 
5 13 3 10513 567.6 582.9 439.3 98.6 114.4 340.7 143.5 
5 14 3 10514 553.4 585.6 443.4 102.9 113.8 340.5 142.2 
6 7 3 10607 548.8 603.3 460.0 102.9 108.1 357.1 143.3 
6 8 3 10608 571.1 586.2 433.9 96.9 100.2 337.0 152.3 
6 9 3 10609 594.8 538.8 395.3 95.4 134.2 300.0 143.5 
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Appendix D continued 
I J ENV ENT JVD NDF ADF AOL CP CEL HCL 
6 10 ,., 10610 565.8 574.4 432.1 100.0 118.6 332.1 142.3 ., 
6 11 ,., 10611 554.7 585.2 435.3 102.6 112.8 332.7 149.9 ., 
6 12 3 10612 526.9 600.8 448.2 107.5 101.1 340.7 152.6 
6 13 3 10613 525.3 592.9 446.6 111.6 112.8 335.0 146.2 
6 14 3 10614 540.1 595.1 444.8 106.9 111.5 337.9 150.3 
7 8 3 10708 531.3 610.3 460.0 105.4 97.2 354.6 150.3 
7 9 3 10709 549.3 584.3 446.8 103.2 125.6 343.6 137.4 
7 10 3 10710 561.8 570.4 424.7 103.0 124.6 321.7 145.7 
7 11 3 10711 551.0 596.6 439.9 101.9 107.0 337.9 156.7 
7 12 3 10712 494.7 637.5 493.6 116.1 90.5 377.5 143.9 
7 13 3 10713 522.6 625.3 475.0 107.1 95.4 367.9 150.3 
7 14 3 10714 548.9 591.7 443.8 104.1 114.1 339.7 148.0 
8 9 3 10809 558.7 578.4 428.2 100.7 114.4 327.5 150.3 
8 10 3 10810 587.3 548.9 407.1 94.8 123.4 312.3 141.8 
8 11 3 10811 590.5 536.7 399.6 95.8 141.1 303.9 137.0 
8 12 3 10812 540.0 597.1 441.9 107.1 110.5 334.8 155.2 
8 13 3 10813 534.5 621.0 466.2 106.8 98.9 359.4 154.8 
8 14 3 10814 536.8 597.7 452.4 104.9 116.0 347.5 145.4 
9 10 3 10910 556.4 584.4 448.8 102.8 122.0 346.1 135.6 
9 11 3 10911 575.2 576.0 420.7 97.7 116.1 323.0 155.3 
9 12 3 10912 568.2 580.7 439.2 97.8 116.9 341.4 141.6 
9 13 3 10913 551.1 592.0 442.2 103.2 104.0 339.0 149.8 
9 14 3 10914 568.8 580.2 436.0 97.7 125.4 338.3 144.1 
10 11 3 11011 580.6 553.3 416.3 96.7 127.8 319.6 137.0 
10 12 3 11012 558.8 574.9 421.4 102.2 122.7 319.3 153.4 
10 13 3 11013 564.4 571.6 423.5 104.0 122.8 319.5 148.l 
10 14 3 11014 551.3 608.1 458.5 101.5 109.4 357.0 149.6 
11 12 3 11112 531.1 623.0 473.9 107.4 102.3 366.5 149.1 
11 13 3 11113 559.1 590.5 451.5 99.9 125.1 351.6 139.0 
11 14 3 11114 575.5 583.0 438.6 97.8 110.9 340.8 144.4 
12 13 3 11213 542.4 615.1 473.3 102.9 105.8 370.4 141.8 
12 14 3 11214 581.5 581.5 438.8 97.5 114.4 341.3 142.7 
13 14 3 11314 602.6 543.4 409.0 91.5 121.7 317.5 134.4 
0 3 20001 554.0 572.6 432.5 104.0 115.5 328.5 140.1 
0 2 3 20002 542.8 598.2 442.5 105.4 101.1 337.1 155.7 
0 3 3 20003 570.0 587.4 450.0 97.0 105.0 353.0 137.4 
0 4 3 20004 558.0 591.4 450.1 101.1 121.3 348.9 141.3 
0 5 3 20005 569.3 590.4 443.3 98.9 120.2 344.4 147.1 
0 6 3 20006 622.5 543.7 401.8 84.5 128.0 317.3 141.9 
0 7 3 20007 550.2 613.1 461.2 100.1 103.3 361.0 151.9 
0 8 3 20008 568.6 592.0 442.4 97.5 111.9 344.9 149.6 
0 9 3 20009 544.1 587.1 442.6 105.7 109.1 336.8 144.6 
0 10 3 20010 541.7 593.6 439.8 106.2 102.9 333.6 153.9 
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Appendix D continued 
I J ENV ENT IVD NDF ADF AOL CP CEL HCL 
0 11 3 20011 538.8 608.0 464.6 105.3 103.2 359.3 143.5 
0 12 3 20012 539.9 601.3 455.3 106.8 103.5 348.5 146.0 
0 13 3 20013 553.0 588.7 448.3 102.8 107.2 345.5 140.4 
0 14 3 20014 537.1 609.9 456.5 106.9 103.4 349.6 153.4 
0 1 3 30001 548.2 596.2 457.8 102.0 105.5 355.8 138.4 
0 2 3 30002 548.0 596.2 449.1 104.1 104.7 344.9 147.1 
0 3 3 30003 519.1 603.0 444.7 115.6 107.7 329.1 158.4 
0 4 3 30004 563.4 579.6 432.3 99.7 125.0 332.5 147.3 
0 5 3 30005 536.2 596.9 450.6 107.4 117.2 343.2 146.3 
0 11 3 20011 538.8 608.0 464.6 105.3 103.2 359.3 143.5 
0 12 3 20012 539.9 601.3 455.3 106.8 103.5 348.5 146.0 
0 13 3 20013 553.0 588.7 448.3 102.8 107.2 345.5 140.4 
0 14 3 20014 537.1 609.9 456.5 106.9 103.4 349.6 153.4 
0 1 3 30001 548.2 596.2 457.8 102.0 105.5 355.8 138.4 
0 2 3 30002 548.0 596.2 449.1 104.1 104.7 344.9 147.1 
0 3 3 30003 519.1 603.0 444.7 115.6 107.7 329.1 158.4 
0 4 3 30004 563.4 579.6 432.3 99.7 125.0 332.5 147.3 
0 5 3 30005 536.2 596.9 450.6 107.4 117.2 343.2 146.3 
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APPENDIX E: OTHER TRAIT MEANS 
Location least square means winter survival (score 1 to 5) (WS), spring regrowth 
(score 1 to 5) (SRG), vigor (score 1 to 5) (VG), leaf/stem ratio (LSR), and fall regrowth 
(score 1 to 5) (FRG). Cross combinations are designated (J, J). Parental entries are 
designated (J = J), check entries have J and J = 0. J and J correspond to genotypes as 
follows: ABI408 (1), ABI311 (2), ABI419 (3), ABI314 (4), C96-514 (5), C96-673 (6), C96-
513 (7), FW-92-118 (8), RP-93-377 (9), WISFAL-4 (10), WISFAL-6 (11), C25-6 (12), 
PI214218-1 (13), and PI502453-1 (14). Check varieties correspond to entry number (Ent) as 
follows: Lodak (30001), Vernal (30002), 5454 (30003), Innovator +Z (30004), and 
Legendairy (30005). Location (Loe) code numbers are: Ames (1) and Nashua (2). 
I J Loe Ent ws SRG VG LSR FRG I J Loe Ent ws SRG VG LSR FRG 
2 1 10102 2.91 1.96 4.29 1.65 3.25 2 14 10214 2.24 1.63 4.52 1.70 1.87 
3 1 10103 2.58 1.61 4.18 1.40 3.19 3 4 1 10304 2.55 2.45 3.00 1.36 3.12 
4 1 10104 2.69 2.39 4.63 1.38 3.00 3 5 1 10305 4.00 1.50 3.85 1.37 4.25 
5 1 10105 3.92 2.04 4.78 1.77 3.51 3 6 1 10306 2.80 1.63 3.91 1.54 3.88 
6 1 10106 3.21 1.96 4.49 1.56 3.75 3 7 10307 3.23 1.85 3.71 1.21 4.61 
7 1 10107 2.94 2.10 4.55 1.58 3.63 3 8 10308 3.69 1.59 3.54 1.03 3.77 
8 1 10108 4.03 1.30 4.63 1.10 3.63 3 9 10309 3.58 1.78 3.60 1.20 4.19 
9 10109 3.37 1.74 4.61 1.70 3.50 3 10 1 10310 2.94 1.28 4.53 1.29 1.75 
1 10 10110 3.19 1.69 4.71 1.61 2.49 3 11 10311 2.35 1.82 4.09 0.86 2.00 
1 11 10111 2.96 1.54 4.71 1.47 2.25 3 12 10312 2.87 2.32 3.04 1.37 3.13 
1 12 1 10112 3.18 1.58 4.51 1.49 2.99 3 13 1 10313 2.43 2.17 3.27 1.30 2.62 
1 13 1 10113 2.57 1.02 4.97 1.52 2.25 3 14 10314 2.15 1.70 4.09 1.08 0.88 
1 14 1 10114 2.20 1.12 4.73 1.51 1.37 4 5 10405 3.74 2.00 3.77 1.38 3.99 
2 3 1 10203 3.20 1.87 4.02 1.32 3.79 4 6 10406 3.17 2.15 3.81 1.35 3.50 
2 4 1 10204 2.69 2.20 4.28 1.36 3.49 4 7 10407 3.03 3.27 3.72 1.39 3.75 
2 5 1 10205 4.12 1.82 4.69 1.56 3.62 4 8 1 10408 3.84 1.48 4.78 1.26 3.50 
2 6 1 10206 3.28 1.38 4.26 1.64 3.52 4 9 1 10409 3.63 1.75 4.68 1.30 3.47 
2 7 10207 3.34 2.17 4.02 1.58 4.48 4 10 1 10410 3.47 1.69 4.81 1.37 2.51 
2 8 10208 3.98 1.37 4.73 1.46 3.87 4 11 10411 2.66 2.08 3.50 1.06 2.38 
2 9 10209 3.50 1.58 4.35 1.32 3.99 4 12 10412 2.68 1.86 4.52 1.12 2.87 
2 10 1 10210 2.92 1.83 4.69 1.24 2.62 4 13 1 10413 2.57 1.37 4.23 1.06 2.00 
2 11 10211 2.49 2.26 4.47 1.18 2.25 4 14 1 10414 1.97 1.99 4.28 1.08 1.00 
2 12 10212 2.74 2.08 4.35 1.62 3.01 5 6 1 10506 3.34 1.85 4.00 1.70 4.13 
2 13 1 10213 3.04 1.40 4.30 1.93 2.50 5 7 1 10507 3.72 1.74 3.54 1.42 4.19 
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Appendix E continued 
I J Loe Ent WS SRG VG LSR FRG I J Loe Ent WS SRG VG LSR FRG 
5 8 10508 4.72 1.28 4.26 1.45 4.63 1 1 20001 1.72 3.84 2.75 1.57 3.14 
5 9 10509 4.60 1.38 4.08 1.40 4.07 2 2 20002 2.62 3.48 3.55 1.56 3.37 
5 10 10510 3.77 1.43 4.27 1.27 2.63 3 3 20003 2.51 2.12 1.72 1.39 3.36 
5 11 10511 3.08 1.94 4.68 1.21 2.51 4 4 20004 1.24 4.18 2.27 2.14 2.50 
5 12 10512 2.87 1.53 3.77 1.26 3.13 5 5 20005 2.88 3.14 2.29 1.68 4.13 
5 13 I 10513 3.19 1.86 4.71 1.71 3.00 6 6 1 20006 3.01 1.98 3.71 1.84 3.88 
5 14 10514 2.68 1.59 4.19 1.11 2.24 7 7 20007 1.75 4.44 1.97 1.48 4.26 
6 7 10607 3.54 2.07 4.01 1.85 3.99 8 8 20008 3.21 3.05 3.10 1.06 4.26 
6 8 10608 3.47 1.61 4.78 1.31 4.24 9 9 20009 3.93 2.15 3.46 1.49 3.99 
6 9 10609 3.88 1.92 4.52 1.70 3.87 10 10 20010 1.73 2.57 2.97 1.41 1.00 
6 10 10610 3.08 1.68 4.47 1.50 2.49 11 11 20011 1.61 2.55 3.26 1.28 1.00 
6 11 10611 3.11 1.48 4.84 1.53 3.25 12 12 20012 1.37 3.47 1.22 2.40 1.87 
6 12 10612 3.16 1.54 4.06 1.35 3.01 13 13 20013 1.80 1.33 4.23 1.03 0.75 
6 13 10613 2.68 1.42 4.71 1.63 2.24 14 14 20014 0.78 1.69 2.00 1.07 0.51 
6 14 10614 2.06 1.83 4.40 1.39 1.76 0 0 30001 2.44 1.58 4.21 1.33 2.76 
7 8 10708 3.78 2.12 4.76 1.25 4.25 0 0 1 30002 3.23 1.73 4.44 1.35 3.26 
7 9 10709 3.69 1.98 4.37 1.27 4.68 0 0 30003 3.66 1.87 3.76 1.20 3.38 
7 10 10710 3.18 2.03 4.53 1.60 2.61 0 0 30004 3.22 2.36 3.74 1.42 3.51 
7 11 10711 3.16 2.25 4.59 1.19 2.75 0 0 30005 2.98 1.55 3.69 1.52 3.75 
7 12 10712 3.45 1.60 4.51 1.59 3.25 2 2 10102 3.00 1.51 4.26 1.22 2.74 
7 13 10713 3.38 1.32 4.92 1.14 3.12 3 2 10103 3.21 1.34 4.24 1.13 2.39 
7 14 10714 2.68 1.44 4.54 1.18 1.88 4 2 10104 2.24 2.80 3.51 1.30 2.35 
8 9 10809 4.34 1.36 4.70 1.11 3.76 5 2 10105 3.00 1.72 4.04 1.34 2.62 
8 10 10810 3.53 1.39 4.73 1.19 2.88 6 2 10106 2.88 1.88 3.75 1.73 2.38 
8 11 1 10811 2.86 2.01 4.86 1.08 2.75 7 2 10107 2.37 2.41 3.74 1.14 2.62 
8 12 1 10812 3.70 1.32 4.70 0.95 3.51 8 2 10108 3.01 1.19 4.01 1.08 2.62 
8 13 10813 3.28 1.22 5.03 1.13 3.13 1 9 2 10109 3.01 1.62 4.23 1.46 2.75 
8 14 10814 2.43 1.47 4.74 1.43 2.37 1 10 2 10110 2.59 2.11 3.99 1.33 2.14 
9 10 10910 3.60 1.58 4.63 1.22 2.63 11 2 10111 2.36 2.16 3.71 1.20 1.78 
9 11 10911 3.88 1.27 4.84 1.38 2.63 12 2 10112 2.65 1.91 4.02 1.19 2.40 
9 12 10912 3.65 1.89 4.19 1.23 3.49 13 2 10113 3.25 1.23 4.76 1.36 1.87 
9 13 10913 3.33 1.11 4.93 1.32 3.13 1 14 2 10114 3.29 1.09 5.01 1.33 1.99 
9 14 10914 2.69 1.24 4.96 1.14 1.87 2 3 2 10203 3.22 1.45 3.27 1.21 1.90 
10 11 11011 2.21 2.01 3.43 1.33 1.30 2 4 2 10204 2.96 1.64 3.75 1.37 2.37 
10 12 11012 2.87 1.26 4.08 1.62 2.26 2 5 2 10205 3.26 1.63 3.76 1.28 2.59 
10 13 11013 2.52 1.65 3.94 1.23 1.13 2 6 2 10206 3.46 1.62 3.96 1.44 2.36 
10 14 11014 1.94 2.16 3.73 1.41 1.26 2 7 2 10207 2.98 2.47 3.01 1.97 2.86 
11 12 11112 2.43 1.94 4.53 1.42 1.76 2 8 2 10208 3.33 1.38 3.74 1.43 2.40 
11 13 11113 2.41 1.69 4.47 1.18 1.50 2 9 2 10209 3.89 1.97 4.25 1.70 2.63 
11 14 11114 1.33 1.85 3.27 1.13 0.88 2 10 2 10210 2.73 1.61 3.99 1.20 1.87 
12 13 11213 2.05 2.04 3.30 1.50 1.39 2 11 2 10211 2.77 2.23 4.24 1.15 2.01 
12 14 11214 1.58 2.30 3.08 1.09 1.25 2 12 2 10212 2.51 1.89 4.42 1.29 2.25 
13 14 11314 1.60 1.32 3.88 1.58 0.89 2 13 2 10213 3.02 1.54 4.28 1.08 1.99 
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Appendix E continued 
I J Loe Ent ws SRG VG LSR FRG I J Loe Ent WS SRG VG LSR FRG 
2 14 2 10214 3.39 1.20 5.01 1.27 1.25 7 12 2 10712 3.08 1.79 4.25 1.43 2.60 
,, 4 2 10304 3.02 1.61 3.48 1.20 2.11 7 13 2 10713 3.50 1.58 4.52 1.10 2.02 .) 
3 5 2 10305 4.30 1.12 3.77 1.31 2.39 7 14 2 10714 3.64 1.22 5.05 1.01 1.48 
3 6 2 10306 3.01 1.47 4.25 1.16 1.81 8 9 2 10809 3.17 1.29 4.01 1.36 2.63 
3 7 2 10307 3.18 1.74 2.99 1.30 2.13 8 10 2 10810 4.11 1.20 4.76 1.71 2.49 
3 8 2 10308 3.45 1.36 3.24 1.03 1.90 8 11 2 10811 3.60 1.44 4.01 1.02 2.12 
3 9 2 10309 3.45 1.44 3.41 1.05 2.50 8 12 2 10812 4.50 1.17 4.76 0.92 2.77 
3 10 2 10310 3.52 1.44 4.02 1.19 1.48 8 13 2 10813 4.63 1.06 4.98 0.83 2.14 
3 11 2 10311 2.97 2.03 3.79 0.95 1.37 8 14 2 10814 4.50 1.14 5.00 1.09 1.87 
3 12 2 10312 J.13 1.50 3.24 1.04 2.36 9 10 2 10910 3.61 1.39 4.51 1.26 2.21 
3 13 2 10313 2.95 1.68 3.03 1.04 1.64 9 11 2 10911 3.50 1.40 5.00 1.02 2.25 
3 14 2 10314 3.55 1.22 5.02 0.99 1.15 9 12 2 10912 3.64 1.84 4.27 1.20 2.48 
4 5 2 10405 2.78 2.34 3.23 1.35 2.50 9 13 2 10913 4.12 1.11 4.74 1.22 2.28 
4 6 2 10406 3.05 2.00 3.48 1.56 2.27 9 14 2 10914 4.50 1.12 5.02 1.30 1.87 
4 7 2 10407 2.47 2.50 3.26 1.59 2.49 10 11 2 11011 2.65 2.09 3.50 1.11 1.63 
4 8 2 10408 3.67 1.76 4.00 0.98 2.61 10 12 2 11012 3.11 1.33 4.22 1.14 2.47 
4 9 2 10409 2.49 2.10 3.26 1.47 2.65 10 13 2 11013 3.62 1.29 4.50 1.15 1.77 
4 10 2 10410 2.87 1.83 3.73 1.12 1.75 10 14 2 11014 3.35 1.23 4.76 1.16 1.75 
4 11 2 10411 2.17 2.63 2.79 1.21 1.74 11 12 2 11112 2.84 1.53 4.36 1.42 1.58 
4 12 2 10412 3.61 1.49 4.26 0.91 2.23 11 13 2 11113 3.03 0.95 3.75 1.08 1.63 
4 13 2 10413 2.68 1.31 3.97 0.99 1.26 11 14 2 11114 2.74 1.48 3.51 0.92 1.24 
4 14 2 10414 3.29 1.23 4.00 0.98 1.22 12 13 2 11213 2.13 1.95 3.06 1.41 0.68 
5 6 2 10506 3.40 1.33 3.53 1.72 2.48 12 14 2 11214 1.65 2.24 2.83 0.95 0.53 
5 7 2 10507 2.67 2.48 3.10 1.69 2.32 13 14 2 11314 3.36 1.09 5.00 0.91 1.13 
5 8 2 10508 3.53 1.96 3.25 1.23 2.61 1 1 2 20001 0.59 4.68 1.50 1.82 2.46 
5 9 2 10509 3.88 1.49 3.98 1.45 2.65 2 2 2 20002 1.53 4.35 2.49 1.81 2.27 
5 10 2 10510 3.13 1.71 4.04 1.52 2.50 3 3 2 20003 2.25 2.40 1.97 1.27 1.51 
5 11 2 10511 3.11 2.00 3.48 1.22 2.23 4 4 2 20004 0.22 4.94 1.25 2.36 2.26 
5 12 2 10512 3.36 1.69 4.26 1.25 2.62 5 5 2 20005 0.53 4.86 1.02 1.93 2.60 
5 13 2 10513 4.13 1.26 4.25 0.99 2.59 6 6 2 20006 2.72 2.05 3.98 2.03 2.40 
5 14 2 10514 4.35 1.00 5.00 1.14 2.48 7 7 2 20007 0.09 4.98 1.21 1.37 2.47 
6 7 2 10607 2.74 1.76 3.25 1.43 2.39 8 8 2 20008 1.62 3.68 2.23 1.44 2.62 
6 8 2 10608 3.54 1.27 4.25 1.28 2.71 9 9 2 20009 2.37 2.48 3.27 1.67 2.63 
6 9 2 10609 3.65 1.28 4.44 1.42 2.53 10 10 2 20010 0.88 4.15 1.51 1.58 2.01 
6 10 2 10610 3.32 1.22 4.27 1.30 2.13 11 11 2 20011 1.67 2.22 2.26 1.28 1.50 
6 11 2 10611 3.85 1.30 4.98 1.06 1.39 12 12 2 20012 1.37 3.16 1.51 1.93 2.01 
6 12 2 10612 3.49 1.51 4.27 1.47 2.03 13 13 2 20013 2.86 1.51 3.98 0.89 1.53 
6 13 2 10613 4.01 1.15 4.77 1.28 1.76 14 14 2 20014 2.14 1.11 3.98 0.97 1.38 
6 14 2 10614 4.12 1.03 4.98 1.00 1.25 0 0 2 30001 3.22 1.13 3.98 0.99 2.01 
7 8 2 10708 2.62 2.63 3.76 1.49 2.88 0 0 2 30002 3.89 1.73 3.99 1.06 2.36 
7 9 2 10709 2.77 2.66 3.49 1.49 2.58 0 0 2 30003 3.27 2.01 3.27 1.26 2.26 
7 10 2 10710 2.47 2.18 4.01 1.38 1.77 0 0 2 30004 2.98 1.89 3.98 1.37 2.48 
7 11 2 10711 1.62 2.94 3.22 1.12 2.40 0 0 2 30005 3.03 1.56 3.49 1.65 2.63 
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APPENDIX F: POOLED ERROR VARIANCES 
For experimental entries least square means were calculated for entries at each 
location-measurement event. This appendix gives the error sums of squares (SSerror), error 
degrees of freedom (DF), and error variance ( cr2 error) for each trait at each location-
measurement event. Based on these error variances pooled error variances for testing genetic 
by environment interactions can be calculated. Traits measured are: acid detergent fiber 
(ADF) (g/kg), acid detergent lignin (ADL) (g/kg), cellulose (g/kg), fall regrowth (score 1 to 
5), growth habit (score 1 to 9), hemicellulose (g/kg), height ( cm), in vitro dry matter 
digestibility (IVDMD) (g/kg), leaf/stem ratio (LSR) (ratio), maturity (score 1 to 9), neutral 
detergent fiber (NDF) (g/kg), regrowth (score 1 to 5), spring regrowth (score 1 to 5), vigor 
(score 1 to 5), winter survival (score 1 to 5), yearly yield (g/plant), yield (g/plant). 
Trait Location Month Year SSerror OF CT2 error 
ADF Ames October 1998 122648.8 359 341.64 
ADF Ames June 1999 28978.8 111 261.07 
ADF Nashua June 1999 35758.5 91 392.95 
ADL Ames October 1998 13917.5 359 38.77 
ADL Ames June 1999 2896.3 111 26.09 
ADL Nashua June 1999 3393.7 91 37.29 
Cellulose Ames October 1998 60728.4 359 169.16 
Cellulose Ames June 1999 16258.2 111 146.47 
Cellulose Nashua June 1999 19214.7 91 211.15 
Crude Protein Ames October 1998 60111.0 359 167.44 
Crude Protein Ames June 1999 9525.3 111 85.81 
Crude Protein Nashua June 1999 8556.7 91 94.03 
Fall Regrowth Ames September 1999 74.3 359 0.21 
Fall Regrowth Nashua September 1999 84.2 312 0.27 
Growth Habit Ames June 1999 113.5 359 0.32 
Growth Habit Ames September 1999 121.6 357 0.34 
Growth Habit Nashua June 1999 62.3 304 0.20 
Growth Habit Nashua September 1999 87.0 306 0.28 
Hemicellulose Ames October 1998 19373.6 359 53.97 
Hemicellulose Ames June 1999 6029.1 111 54.32 
Hemicellulose Nashua June 1999 3070.3 91 33.74 
Height Ames June 1999 7299.5 358 20.39 
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Appendix F continued 
Trait Location Month Year SSpooled DF 2 CJ pooled 
Height Ames July 1999 2566.8 359 7.15 
Height Ames September 1999 5381.4 359 14.99 
Height Nashua June 1999 4278.7 309 13.85 
Height Nashua July 1999 2352.9 309 7.61 
Height Nashua September 1999 5381.4 359 14.99 
IVDMD Ames October 1998 219582.4 359 611.65 
IVDMD Ames June 1999 51562.8 111 464.53 
IVDMD Nashua June 1999 57967.0 91 637.00 
LSR Ames June 1999 5.0 111 0.05 
LSR Nashua June 1999 2.5 91 0.03 
Maturity Ames June 1999 70.l 359 0.20 
Maturity Ames July 1999 32.0 359 0.09 
Maturity Ames September 1999 80.8 358 0.23 
Maturity Nashua June 1999 NA NA NA 
Maturity Nashua July 1999 112.2 309 0.36 
Maturity Nashua September 1999 227.9 308 0.74 
NDF Ames October 1998 190230.5 359 529.89 
NDF Ames June 1999 42505.2 111 382.93 
NDF Nashua June 1999 36926.0 91 405.78 
Regrowth Ames June 1999 62.7 358 0.18 
Regrowth Ames July 1999 87.9 359 0.24 
Regrowth Nashua June 1999 63.3 309 0.20 
Regrowth Nashua July 1999 40.7 307 0.13 
Spring Regrowth Ames April 1999 96.4 359 0.27 
Spring Regrowth Nashua April 1999 99.1 309 0.32 
Vigor Ames June 1999 97.9 359 0.27 
Vigor Nashua June 1999 87.3 309 0.28 
Winter Survival Ames April 1999 97.0 359 0.27 
Winter Survival Nashua April 1999 79.8 313 0.25 
Yearly Yield Ames NA 1998 29743.3 365 81.49 
Yearly Yield Ames NA 1999 161651.2 365 442.88 
Yearly Yield Nashua NA 1998 14587.4 332 43.94 
Yearly Yield Nashua NA 1999 119994.8 332 361.43 
Yield Ames August 1998 2446.3 359 6.81 
Yield Ames October 1998 20488.4 359 57.07 
Yield Ames June 1999 12187.0 359 33.95 
Yield Ames July 1999 16208.0 359 45.15 
Yield Ames September 1999 33421.9 355 94.15 
Yield Nashua August 1998 1703.3 313 5.44 
Yield Nashua October 1998 9137.6 313 29.19 
Yield Nashua June 1999 56159.5 307 182.93 
Yield Nashua July 1999 5299.1 308 17.20 
Yield Nashua September 1999 21192.8 307 69.03 
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APPENDIX G: AFLP AND SSR MOLECULAR MARKER SCORES 
All 142 polymorphic markers based on AFLP and SSR markers for 14 genotypes 
used in this thesis. Scores are (1) presence (0) absence. Fluorescentlabeled AFLPs are coded 
F-AFLP, Radiolabeled AFLPs are coded R-AFLP, and SSRs are coded SSR. 
00 t- s:::t" \0 - -00 O'\ s:::t" s:::t" M M t- I j I I ~ 00 M Marker 0 - - - t- - M \0 - lr) lr) \0 lr) I I < < V) Primer Size s:::t" M s:::t" M N N s:::t" - - - - '° I \C) M µ.. µ.. Type \0 O'\ O'\ N s:::t" N i::o i::o i::o i::o O'\ O'\ O'\ I I C/) C/) u - 0 < < < < u u u ~ ~ - ~ N lr) ~ - -µ.. 0-. 0-. 
F-AFLP EcoRl-ACA/MSE 1-CAG 51 0 0 0 1 1 0 
F-AFLP EcoRl-ACA/MSE 1-CAG 55 1 1 1 1 1 1 1 1 0 0 0 1 1 
F-AFLP EcoR 1-ACA/MSE.1-CAG 60 0 0 0 0 1 0 0 0 0 0 0 0 0 0 
F-AFLP EcoRl-ACA/MSE 1-CAG 61 0 0 0 0 0 0 0 0 0 1 0 0 0 0 
F-AFLP EcoRl-ACA/MSE 1-CAG 67 1 0 1 1 1 1 1 
F-AFLP EcoRl-ACA/MSE 1-CAG 68 0 0 0 0 0 0 0 0 0 0 0 0 
F-AFLP EcoRl-ACA/MSE 1-CAG 76 1 1 1 0 1 1 1 1 1 
F-AFLP EcoRl-ACA/MSE 1-CAG 83 0 0 0 0 0 0 0 0 0 0 0 0 
F-AFLP EcoRl-ACA/MSE 1-CAG 86 1 1 1 1 1 0 0 0 1 1 0 0 
F-AFLP EcoRl-ACA/MSE 1-CAG 87 1 0 1 1 0 0 1 1 0 1 1 1 0 0 
F-AFLP EcoRl-ACA/MSE 1-CAG 90 0 1 0 0 0 0 0 0 0 0 0 0 0 0 
F-AFLP EcoRl-ACA/MSE 1-CAG 91 1 0 1 0 1 1 0 1 1 0 
F-AFLP EcoRl-ACA/MSE 1-CAG 92 1 0 1 0 1 1 0 1 0 0 1 
F-AFLP EcoRl-ACA/MSE 1-CAG 107 0 0 0 0 0 0 1 0 1 0 0 1 0 0 
F-AFLP EcoRl-ACA/MSE 1-CAG 113 0 0 0 0 0 0 1 0 0 0 0 0 0 0 
F-AFLP EcoRl-ACA/MSE 1-CAG 114 1 1 1 1 0 1 1 1 1 0 1 0 
F-AFLP EcoRl-ACA/MSE 1-CAG 118 0 0 0 0 0 0 0 0 0 0 0 0 I 
F-AFLP EcoRl-ACA/MSE 1-CAG 119 0 0 0 0 0 0 0 0 0 0 0 0 
F-AFLP EcoRl-ACA/MSE 1-CAG 134 0 0 0 0 0 0 0 0 0 0 1 0 0 0 
F-AFLP EcoRl-ACA/MSE 1-CAG 135 I I I I 1 1 1 I 1 1 1 1 0 
F-AFLP EcoRl-ACA/MSE 1-CAG 136 0 0 0 0 0 0 0 0 0 0 0 1 0 0 
F-AFLP EcoRl-ACA/MSE 1-CAG 139 0 0 0 0 0 0 0 0 0 0 I 0 
F-AFLP EcoRl-ACA/MSE 1-CAG 149 1 1 I 1 1 0 1 1 1 1 
F-AFLP EcoRl-ACA/MSE 1-CAG 165 0 0 0 0 1 0 0 0 0 0 0 0 0 0 
F-AFLP EcoRl-ACA/MSE 1-CAG 168 0 0 0 0 0 0 0 0 0 0 0 0 0 
F-AFLP EcoRl-ACA/MSE 1-CAG 173 0 1 1 1 1 1 1 I 1 1 1 1 0 
F-AFLP EcoRl-ACA/MSE 1-CAG 191 0 0 0 0 0 0 0 0 0 0 0 0 0 1 
F-AFLP EcoRl-ACA/MSE 1-CAG 193 0 0 0 0 0 0 0 0 0 0 1 0 0 
F-AFLP EcoRl-ACA/MSE 1-CAG 193 1 1 1 1 0 0 
F-AFLP EcoRl-ACA/MSE 1-CAG 204 0 1 0 0 0 0 0 0 0 0 0 0 0 0 
F-AFLP EcoRl-ACA/MSE 1-CAG 210 1 0 1 1 1 1 1 1 1 
F-AFLP EcoRl-ACA/MSE 1-CAG 211 0 0 0 0 0 0 0 0 0 0 0 0 0 
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Appendix G continued 
00 r-- -.::t" \0 ,........ ,........ 
00 0\ -.::t" '<j" M M r-- I I I I ,........ ....J ....J 00 M Marker 0 ,....., ,........ ,........ 
,........ r-- ,........ <";' \0 ,........ i.ri 
Primer Size -.::t" M -.::t" M i.ri \0 i.ri N < < V) N -.::t" - - - - \0 I I M µ.. µ.. Type o::1 o::1 o::1 o::1 \0 \0 0\ 0\ N -.::t" N 0\ 0\ 0\ I I r./J r./J u ,........ 0 < < < < u u u ~ ~ - - N i.ri ~ ~ - -µ.. A,. A,. 
F-AFLP EcoRl-ACA/MSE 1-CAG 214 0 0 0 0 0 0 0 0 0 0 0 0 0 
F-AFLP EcoRl-ACA/MSE 1-CAG 228 1 1 0 0 0 0 0 1 0 0 
F-AFLP EcoRl-ACA/MSE 1-CAG 235 0 0 1 0 1 1 1 0 0 I 0 
F-AFLP EcoRl-ACA/MSE 1-CAG 237 0 0 0 0 0 0 0 0 0 0 0 0 0 
F-AFLP EcoRl-ACA/MSE 1-CAG 239 0 0 0 0 0 0 0 0 0 0 0 0 0 
F-AFLP EcoRl-ACA/MSE 1-CAG 246 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
F-AFLP EcoRl-ACA/MSE 1-CAG 275 0 0 0 0 0 0 0 0 0 0 0 0 0 
F-AFLP EcoRl-ACA/MSE 1-CAG 294 0 0 0 0 0 0 0 0 0 0 0 0 
F-AFLP EcoRl-ACA/MSE 1-CAG 298 0 0 0 0 0 0 0 0 1 0 0 0 
F-AFLP EcoRl-ACA/MSE 1-CAG 341 0 0 0 0 0 0 0 0 0 1 0 1 0 
F-AFLP EcoRl-ACA/MSE 1-CAG 368 0 0 0 0 0 0 0 0 0 0 0 0 0 
F-AFLP EcoRl-ACA/MSE 1-CAG 389 1 1 1 1 0 1 1 
F-AFLP EcoRl-ACA/MSE 1-CTC 52 0 0 0 0 0 0 0 0 0 0 0 0 
F-AFLP EcoRl-ACA/MSE 1-CTC 56 0 I 0 I I 1 I 1 1 1 1 1 
F-AFLP EcoRI-ACA/MSE 1-CTC 58 0 0 0 0 0 0 0 0 0 0 0 0 0 
F-AFLP EcoRl-ACA/MSE 1-CTC 61 0 0 0 0 0 0 0 0 0 0 0 
F-AFLP EcoRl-ACA/MSE 1-CTC 68 0 0 0 0 0 0 0 0 0 0 0 0 0 1 
F-AFLP EcoRl-ACA/MSE 1-CTC 69 0 0 0 0 0 0 0 0 0 0 1 I 0 
F-AFLP EcoRl-ACA/MSE 1-CTC 70 1 1 0 0 
F-AFLP EcoRl-ACA/MSE 1-CTC 70 0 1 I 1 
F-AFLP EcoRI-ACA/MSE 1-CTC 81 0 0 0 0 0 1 0 1 0 0 1 0 
F-AFLP EcoRl-ACA/MSE 1-CTC 83 0 0 1 0 0 1 1 0 0 0 0 1 0 0 
F-AFLP EcoRl-ACA/MSE 1-CTC 84 0 0 0 0 0 0 0 0 0 1 0 0 0 I 
F-AFLP EcoRl-ACA/MSE 1-CTC 87 0 0 0 0 0 0 0 0 1 0 0 0 0 0 
F-AFLP EcoRl-ACA/MSE 1-CTC 96 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
F-AFLP EcoRl-ACA/MSE 1-CTC 111 0 0 0 0 0 0 0 1 0 0 0 0 1 0 
F-AFLP EcoRl-ACA/MSE 1-CTC 120 0 0 0 0 0 0 0 0 0 0 0 0 0 
F-AFLP EcoRl-ACA/MSE 1-CTC 135 0 1 
F-AFLP EcoRl-ACA/MSE 1-CTC 135 1 0 0 0 0 0 I 0 0 0 
F-AFLP EcoRl-ACA/MSE 1-CTC 183 1 0 1 1 1 1 1 0 1 1 
F-AFLP EcoRl-ACA/MSE 1-CTC 184 0 0 0 0 0 0 1 0 1 1 0 0 0 0 
F-AFLP EcoRl-ACA/MSE 1-CTC 247 0 0 0 0 0 0 0 0 0 0 0 0 0 I 
F-AFLP EcoRl-ACA/MSE 1-CTC 263 0 1 1 1 1 1 0 
F-AFLP EcoRl-ACA/MSE 1-CTC 264 0 0 0 0 0 0 0 0 0 0 0 1 0 
F-AFLP EcoRl-ACA/MSE 1-CTT 144 0 1 0 0 1 0 0 0 0 
F-AFLP EcoRl-ACA/MSE 1-CTT 154 0 1 1 0 0 0 0 0 0 
F-AFLP EcoRl-ACA/MSE 1-CTT 229 0 1 1 0 
F-AFLP EcoRl-ACA/MSE 1-CTT 287 0 1 0 0 0 1 0 0 
R-AFLP AFT24/ AFE22 88 0 0 0 0 0 0 0 0 
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R-AFLP AFT24/ AFE22 89 0 1 1 0 0 0 0 1 1 1 0 1 0 
R-AFLP AFT24/ AFE22 95 0 0 0 0 0 0 0 0 0 0 0 1 0 
R-AFLP AFT24/ AFE22 109 0 1 0 0 
R-AFLP AFT24/ AFE22 110 0 1 0 0 
R-AFLP AFT24/ AFE22 151 0 0 0 0 0 0 0 1 1 
R-AFLP AFT24/ AFE22 159 0 0 0 0 0 0 
R-AFLP AFT24/ AFE22 160 1 1 1 0 1 1 
R-AFLP AFT24/ AFE22 161 1 1 1 1 0 1 
R-AFLP AFT24/ AFE22 173 0 0 1 0 1 0 0 0 
R-AFLP AFT24/ AFE22 178 1 0 0 0 1 0 0 0 0 0 0 0 0 
R-AFLP AFT24/ AFE22 179 1 0 0 0 1 0 0 0 0 0 0 0 0 
R-AFLP AFT24/ AFE22 180 0 0 0 0 0 0 0 0 1 0 
R-AFLP AFT24/ AFE22 181 0 1 0 0 0 0 0 0 0 1 0 
R-AFLP AFT24/ AFE22 185 0 1 1 0 0 0 0 0 0 1 0 0 0 
R-AFLP AFT24/ AFE22 188 0 0 0 0 0 0 0 0 
R-AFLP AFT24/ AFE22 189 1 0 1 1 1 1 1 
R-AFLP AFT24/ AFE22 190 0 0 0 0 0 0 0 
R-AFLP AFT24/ AFE22 193 0 1 1 1 0 1 0 0 0 0 0 0 
R-AFLP AFT24/ AFE22 195 0 0 0 0 0 0 0 0 0 0 0 1 1 0 
R-AFLP AFT24/ AFE22 219 0 0 0 0 0 0 0 0 0 0 0 1 0 1 
R-AFLP AFT24/ AFE22 223 1 0 1 0 1 
R-AFLP AFT24/ AFE22 260 0 1 0 0 0 0 0 0 0 
R-AFLP AFT24/ AFE22 279 1 0 0 I I 1 I 1 0 1 1 
R-AFLP AFT24/ AFE22 320 1 0 1 0 1 1 1 I 1 1 1 1 0 
R-AFLP AFT24/ AFE24 98 0 0 0 0 0 0 0 0 0 0 0 0 0 
R-AFLP AFT24/ AFE25 198 1 1 0 0 0 
SSR AFcall 139 1 0 0 0 1 0 0 I 0 1 I 
SSR AFcal I 149 1 0 0 0 0 1 1 0 1 0 0 0 
SSR AFcall 154 0 0 1 0 0 0 0 0 1 0 
SSR AFcal 1 158 0 0 1 0 1 0 0 1 1 0 0 0 
SSR AFca16 89 0 0 1 0 0 1 0 0 0 
SSR AFca16 91 0 0 0 0 0 1 I 0 
SSR AFcal6 93 0 0 0 0 0 0 0 0 0 0 
SSR AFca16 94 0 0 0 1 0 1 1 0 
SSR AFca16 98 0 1 0 0 0 
SSR AFca16 101 1 0 1 1 0 1 0 0 0 0 
SSR AFca16 106 0 0 0 0 0 0 0 1 1 0 0 1 
SSR AFctl 1 180 0 1 I 1 1 0 0 0 1 0 
SSR AFctl I 191 0 0 0 0 0 0 0 0 0 0 0 
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SSR AFct11 200 0 0 1 0 1 0 1 1 0 1 
SSR AFct11 211 0 0 0 0 0 0 0 0 0 0 0 0 
SSR AFct32 104 1 1 0 1 1 0 0 0 1 0 
SSR AFct32 106 0 0 0 0 0 1 1 1 1 
SSR AFct32 108 0 0 0 0 0 0 0 0 0 0 0 0 
SSR AFct32 130 0 0 0 1 1 0 0 0 0 0 0 0 0 0 
SSR AFct32 133 0 0 0 0 0 0 0 0 0 0 0 
SSR AFct32 148 0 0 0 1 0 0 I 0 0 0 0 0 0 
SSR AFct32 152 0 0 1 0 0 0 0 0 0 0 0 0 0 
SSR AFct32 158 0 0 0 0 0 0 0 0 0 
SSR AFct32 163 0 0 0 0 0 0 0 0 0 0 0 
SSR AFct45 125 I 0 0 1 0 0 0 1 0 0 
SSR AFct45 130 0 0 0 0 0 0 0 0 
SSR AFct45 135 I I 1 0 
SSR AFct45 141 0 0 1 0 0 1 0 1 1 1 
SSR AFct45 154 0 0 0 0 0 0 0 0 0 0 0 0 
SSR AFct45 159 0 0 1 1 0 1 0 0 0 0 0 0 0 
SSR AFct45 168 0 0 1 0 0 0 0 0 0 0 0 0 1 0 
SSR AFct45 170 0 0 0 0 0 0 0 0 0 0 0 0 0 
SSR AFcttl 108 0 0 0 0 0 0 0 
SSR AFcttl 110 0 0 0 0 0 
SSR AFcttl 112 1 0 0 1 0 1 
SSR AFcttl 115 0 0 1 0 0 
SSR AFcttl 118 1 0 I 0 0 0 0 0 0 0 0 0 
SSR AFcttl 121 0 1 0 1 0 1 1 0 0 1 1 I 
SSR AFcttl 125 0 0 0 1 0 0 0 0 0 0 0 I 0 
SSR AFcttl 129 0 0 1 0 0 0 0 0 0 0 0 0 0 0 
SSR MTLEC2A 182 0 0 0 0 0 0 0 1 0 0 0 
SSR MTLEC2A 189 0 0 1 0 1 0 
SSR MTLEC2A 193 0 0 1 0 0 
SSR MTLEC2A 200 1 1 1 0 1 0 
SSR MTLEC2A 225 0 0 0 0 0 0 0 0 
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